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ABSTRACT 

Exploratory  experiments  were  conducted  on  methods o f   e r e c t i o n  and  assembly 
o f  la rge 'modules,   t ranspor tat ion  o f   cargo modul'es, and  crew  rescue  during  weight- 
l ess  s imu la t ion   by   neut ra l  buoyancy  techniques. A formal  experiment was con- 
d u c t e d   o n   f o u r   t y p i c a l   r e s t r a i n t  systems dur ing  the  per formance  o f   var ious  tasks 
wi th v a r y i n g  work envelopes.  Data  were  col lected  on  energy  expenditures, 
r e a c t i v e  loads,  and  performance  times.  Conclusions  are  drawn  about  various 
a s p e c t s   o f   e x t r a v e h i c u l a r   a c t i v i t y   w o r k  a n d   t h e   e f f i c a c y   o f   r e s t r a i n t  systems. 
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A STUDY  OF  ASTRONAUTS'  EXTRAVEHICULAR WORK 

CAPABILITIES I N  WEIGHTLESS  CONDITIONS 
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W. Robertson, Ph. D., G .  Lamb, and L. Browne 

Department o f   L i f e  Sciences 
AiResearch  Manufacturing Company 

A D i v i s i o n   o f  The Gar re t t   Co rpo ra t i on  

SECTION I 

INTRODUCTION 

T h i s   f i n a l   r e p o r t   d e s c r i b e s  a program  conducted  for NASA/Langley  Research 
Center  under  Contract NAS 1-7571 to   s tudy   as t ronaut 's   ex t raveh icu la r   work  capa- 
b i l   i t i e s  i n  we igh t l ess   cond i t i ons .  The program  consis ted  o f  a s e r i e s   o f   e x p e r i -  
men ta l   e f fo r t s   t ha t   va r ied   f rom  exp lo ra to ry   exper imen ta t i on   t o   f u l l y   des igned  
exper iments .   Th is   repor t   descr ibes   these  exper imenta l   e f fo r ts   and  a lso   the   var -  
ious  pieces  of  apparatus,  procedures,  and  experimental  methods  used.  Conclusions 
a r e  made about   the  var ious  aspects  of  e x t r a v e h i c u l a r   a c t i v i t y  (EVA) work  includ- 
ing  types  of   fasteners,   levels  of   energy  expendi ture,   react ive  loads,  procedures,  
and r e s t r a i n t   d e v i c e s .  

Exper ience  w i th   the  Gemini 12 f l i g h t  program  has  emphas-ized the  need t o  
develop  .ext ravehicu lar   hardware  and  procedures,   to   t ra in   the  ast ronaut   in   the 
EVA t a s k s   w e l l   i n  advance  of   the  f l ight ,   and  to  understand  the  astronaut 's  capa- 
b i l i t i e s  a n d   l i m i t a t i o n s .   E x p l o r a t o r y   w o r k   r e p o r t e d   i n  NASA CR-859 Study o f  
Ast ronaut  .Capabi 1 i t ies  to  Perform  Extravehicular  Maintenance  and  Assembly 'Tasks 
i n  Weight less  Condi t ions showed t h a t  i t  was poss ib le   f o r   t he   as t ronau t   t o   pe r -  
form  extravehicular  tasks,   such  as  maintenance  and  repair ,   assembly  of   lLrge 
equipment,  assembly o f   l a r g e  antenna,  and  assembly o f  r i g i d  and i n f l a t a b l e  mod- 
u l e s   i n  space. R e a l i s t i c   s i m u l a t i o n   b y  means of   water  immersion  techniques made 
it p o s s i b l e   t o  ( I )  o b s e r v e   t h e   c a p a b i l i t i e s   o f  a pressure-su i ted  subject   under  
s imu la ted   we igh t less   cond i t ions ,  ( 2 )  determine  his  energy  expenditure,  and (3) 
eva lua te   t he   su i tab i l i t y   o f   t he   ex t raveh icu la r   ha rdware   and   t ask   sequenc ing   f o r  
accompl ishing  the  assigned  tasks.  From th is   in fo rmat ion ,  i t  i s   p o s s i b l e   t o  
unders tand  the   b iomechan ics   requ i red   fo r   per fo rmance  o f   tasks   in   we igh t less  con- 
di t ions,   develop  procedures wi th in  t h e   c a p a b i l i t i e s  of the  ast ronaut ,   prov ide 
metabol i c   d a t a   f o r   t h e   d e s i g n   o f   p o r t a b l e   l i f e   s u p p o r t  equipment,  and make recom- 
mendations for  the   des ign   o f   ex t raveh icu la r   s t ruc tu res ,  equipment,  and too l s .  

The p r o g r a m   r e p o r t e d   i n   t h i s  document ex tends   t h i s   p rev ious  NASA s tudy  to :  

(a) Obtain  prec ise  metabol ic   and  per formance  data  on  tasks  s imi lar   to  
those  tha t  will be  performed i n  space w i t h  s t a t i s t i c a l   c o n f i d e n c e .  



Obtain  precise  comparative  data  on  performance,  metabolic  cost, 
and  phys io log ica l   parameters   assoc ia ted   w i th   the  use o f   s e v e r a l  
r e s t r a i n t s   i n   m a i n t e n a n c e   w o r k   i n  a w e i g h t l e s s   c o n d i t i o n   w i t h  
s t a t i s t i c a l   c o n f i d e n c e .  

Fur ther   exp lo re   the   p rob lems  assoc ia ted   w i th   the   assembly   o f  
l a rge  modules. 

Explore  the  problems  associated  wi th  rescue  and  t ransport   operat ions.  

An e x p l o r a t o r y   e f f o r t  was conducted  on  the  task o f  assembling  large  modules 
wh ich   evo lved  f rom  the   in i t ia l   s tudy   under   Cont rac t  NAS 1-5875. An improved 
task  sequence  and better  task  hardware  were  developed  and  tested  on  an  explora- 
t o r y  endeavor. The goal o f  a n   e x p l o r a t o r y   t e s t   i s   t o   a c h i e v e  maximum task  improve- 
ment d u r i n g   t h e   c o u r s e   o f   t h e   t a s k   a t   t h e   e x p e n s e   o f   d a t a   a n d   s t a t i s t i c a l   r e p l i -  
ca t ion .  Also, i f  dur ing   tes t ing ,  a cer ta in   s tep   cannot  be  performed  as  prescribed, 
t h e   f a c t  may be n o t e d   a n d   t h e   s t e p   f i l l e d   i n   b y  scuba d i v e r s   u n t i  1 the   sub jec t  
can again  take  over.  The problems  explored  under  th is  task  invo. lved  methods  of  
mat ing  and  secur ing beams, modules,  and panels ;   locomot ion  a ids;   methods  o f   te th-  
e r i n g  modules;  methods of   s topping  the  mot ion  o f   modules;   and  concepts  for  
r e s t r a i n i n g   t h e   s u b j e c t  so t h a t   h i s  hands a r e   f r e e   t o  work, b u t   a t   t h e  same time, 
so t h a t  he i s   f r e e  t o  move around  and  reach  objects. 

Exp lo ra to ry   s tud ies  were a lso   conducted   on   the   task   o f   t ranspor t ing   cargo  
and  incapacited  crew members. Using manual  methods to   ge t   ob jec ts   f rom one 
secu re   pos i t i on   t o   ano the r  was emphasized. 

I n   a d d i t i o n ,  an  experiment was conducted  on  four   rest ra in ts :  a Gemini 12 
f o o t   r e s t r a i n t  w i th  a Gemini 12 s t r a p   r e s t r a i n t ,  a s i n g l e - l e g   r i g i d   r e s t r a i n t ,  
a cage ( o r   r a i l )   r e s t r a i n t ,  and a Gemini 12 f o o t   r e s t r a i n t   w i t h  a s i n g l e   s t r a p .  
To compare these   res t ra in t s ,   t es ts  were made w i t h   s i x   t r a i n e d   s u b j e c t s   p e r   c e l l  
i n  a two-dimensional   exper imental   design  consist ing  of  a m a t r i x   o f  12 c e l l s  (96 
t e s t s ) .  The c e l l s   a r e   d e f i n e d   b y   t h e   f o u r   r e s t r a i n t s  and  by  the  fo l lowing  three 
cond i t i ons :  ( I )  l o c a l   t a s k   w i t h  no  reach o r   m o t i o n   r e q u i r e d   o u t s i d e   o f   t h e  
sub jec t ' s   enve lope  o f   the   s ta t ionary   work   pos i t ion ,  ( 2 )  t ask   w i th   cons ide rab le  
reach  and  mot ion   requ i red   ou ts ide   o f   the   sub jec t ' s   work   pos i t ion ,   and (3) task  
w i th   in te rmed ia te   reach  requ i red .  

Sec t ion  2 describes  the  subjects,  apparatus, methods, and  procedures 
employed i n  these  experiments. 
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SECTION 2 

METHODS 

SUBJECT TRAINING 

Test  subjects  were  selected  from  the  AiResearch  test  subject  panel. The 
select ion  process  included,  but  was n o t   l i m i t e d  to, t he   f o l l ow ing :  ( I )  an A i r  
Force Type I1 f l y ing   phys i ca l   examina t ion  wi th a 12-lead ECG and  Harvard  Step 
Test, ( 2 )  a psychologica l   in terv iew,  (3) t h e   a b i l i t y   t o  be   p ressu r i zed   i n  a s u i t ,  
and (4) p r e v i o u s   t r a i n i n g   f o r  scuba d iv ing.   Subjects   were  s ized  by  the i r   anthro-  
pometr ic measurements t o  f i t  the  Gemini p ressu re   su i t s   cu r ren t l y   on  hand. As 
p a r t   o f   t h e   s e l e c t i o n   p r o c e d u r e ,   t h e   e n t i r e   c o n t r a c t   e f f o r t  was thorough ly   d is -  
cussed so tha t   the   sub jec ts   compje te ly   unders tood  a l l   aspec ts   o f   the   tes ts   fo r  
which  they  volunteered. 

The s u b j e c t s   s e l e c t e d   f o r   t h i s  program f i r s t   r e c e i v e d   b a s i c   p r e s s u r e   s u i t  
t r a i n i n g  i f  t h e y   w e r e   u n f a m i l i a r   w i t h   t h e   s u i t   s p e c i f i e d .   T h i s   t r a i n i n g   i n c l u d e d  
f a m i l i a r i z a t i o n   w i t h   t h e   s u i t ,   i t s   o p e r a t i o n  and  uses; s u i t   f i t t i n g ;  and f i n a l l y  
e x p e r i e n c e   i n   t h e   v e n t i l a t e d   a n d   p r e s s u r i z e d   s u i t .   I n   a d d i t i o n ,   t h e   s u b j e c t  
rece ived  bas ic   phys io log ic   in fo rmat ion   about   the   e f fec ts   o f   p ressure  change on 
the  body;  techniques of   equal iz ing  pressure  in   the  aura l   cav i ty   and  s inuses  were 
empha s i zed. 

Each sub jec t  was t r a i n e d   t o   f u n c t i o n   i n  a neu t ra l l y   buoyan t   cond i t i on   wh i l e  
wearing a f i b e r g l a s s   s h e l l  and  at tached  weights.  Mockups, res t ra in t   dev ices ,  
modules,  and other  prototype  equipment  used  or  developed  for  the  programs  were 
u s e d   b y   t h e   s u b j e c t s   d u r i n g   t h e   i n i t i a l   t r a i n i n g   t o   e n s u r e   f a m i l i a r i z a t i o n  w i th  
the equ i pmen t . 

The sub jec ts   rece ived  add i t iona l   immers ion   t ra in ing   dur ing   the   p i lo t   tes ts  
necessary   fo r   deve lop ing   and  f ina l i z ing   the   task   p rocedures   fo r   each  o f   the   tes ts  
conducted. A f te r   the   tes t   p rocedures  were  developed  and  the  t iming  points  for 
each of the  task-elements  establ ished,  the  subjects  performed  the  tasks  accord- 
i n g   t o  a c h e c k l i s t   t o   e s t a b l i s h   t a s k   v a l i d i t y  and a l so   t o   ensu re   t ha t   sub jec t  
t r a i n i n g  was complete.   This  provided  repeated  exposures  of   the  subjects  to  the 
s u i t  and assoc ia ted  hardware, the  water  envi  ronment,  and the   ac tua l   t asks   f o r  
each   sub jec t   un t i l  he was thorough ly   o r ien ted  and his  task  performance was ade- 
quate. 

A l l  sub jec ts   were   t ra ined   i n  scuba d i v ing .   Pa r t   o f   t he   p rog ram  t ra in ing  
c o n s i s t e d   o f   r e p e a t e d   p r a c t i c e   i n   r e s c u i n g  a su i ted  subject   f rom  the  test   tank.  
A standard  set  o f  procedures was developed,  and  each subject   demonstrated  his 
ab i l i t y   to   fo l low  these  p rocedures   by   per fo rming   the   rescue  opera t ion   to   the  
s a t i s f a c t i o n  o f  the  test   conductor .  

I n  summary, t h e   s u b j e c t   t r a   i n  

0 S u i t   o r i e n t a t i o n   a n d  farn 

D i v i n g   s a f e t y   a n d   d i v i n g  

ing   inc luded  the   fo l low ing :  

i 1 i a r i z a t i o n  

phys io logy   lec tu res  
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F a m i l i a r i z a t i o n   w i t h   i n t e n t ,  purpose,  and  procedures o f   t h e  study 

S h e l l   f i t t i n g  a n d   a p p l i c a t i o n   o f   w e i g h t   t o   t h e   s h e l l s  

0 Neutral-buoyancy  checkout 

Tra in ing  in   neutra l ly   buoyant   work  ( task  procedure  development)  

Development  and t r a i n i n g   i n   r e s c u e   o f   s u b j e c t  

0 P i l o t   t e s t   p a r t i c i p a t i o n  

0 Demonstrat ion  of   task  procedure  knowledge  (check1  ist   val   idat ion) 

APPARATUS 

Underwater  Test  Faci 1 i t y  

The u n d e r w a t e r   t e s t   f a c i l i t y  was cons t ruc ted   t o   s imu la te   we igh t l essness   i n  
a p ressur ized   su i t   w i th   neut ra l -buoyancy   techn iques .  

F igure 2-1 shows a general  view o f   t h e   t a n k  and  the  var ious  features 
requ i red   to   suppor t   the   exper imenta l   ac t i v i t ies .  The t a n k   i s  30 f t  i n  diameter, 
21 f t  high,  and 20 f t  deep. The stairway  and  catwalk  around  the  top  are 4 f t  
wide  and o f  s tee l '   cons t ruc t i on   w i th  a 4- in.   concrete fill. The j i b  and e l e c t r i -  
c a l l y   o p e r a t e d   j i b   h o i s t   a r e   u s e d   t o   i n s t a l l  and remove equipment. The cor ru -  
ga ted   s t ruc tu re   a t tached  to   the   s ide  o f  the   tank   i s   the   ins t rumenta t ion   record ing  
.and con t ro l  room. An 18 - in .   square   po r tho le   i n   t he   t ank   i s   w i th in   t he   con t ro l  
room fo r   obse rva t i on  and  photography. Two a d d i t i o n a l   p o r t h o l e s   a r e   a t  a 5 - f t ,  
4 - i n .   l eve l :  one oppos i te   the   con t ro l  room and one p e r p e n d i c u l a r   t o   t h i s  room 
on  the  far   s ide o f  the   tank .   Three  c lus te rs   o f   f i ve   f lood   l igh ts   a re   symmet r i -  
c a l l y  spaced  about  the  upper  elevation o f  the  tank,  and  four 500-w underwater- 
poo l   f l ood   l i gh ts   a re   l oca ted   symmet r i ca l l y  between  the  portholes 6 f t  above 
ground  level .  

F igure 2-2 shows the pumping, f i l t e r i n g ,  and heat ing  equipment  necessary 
fo r   wa te r   cond i t i on ing .  The m a i n   e l e c t r i c a l   j u n c t i o n  box i s   i n   t h e  background. 

F igure 2-3, a photograph  taken  f rom  the  por tho le  in   the  cont ro l  room, shows 
t h e   i n t e r i o r   o f   t h e   t a n k .  The f i x e d   p l a t f o r m  used f o r   a l l   o p e r a t i o n s   i s   a l s o  
shown. A movable  lower ing  and  ra is ing  p la t form  (not  shown) i s   a d j a c e n t   t o   t h i s  
p o r t h o l e   w i t h   t h e  same dimensions  as  the  f ixed  platform.  Three  ladders, one o f  
which i s  shown i n   F i g u r e  2-3, are   symmet r ica l l y  spaced. 

F igure 2-4, a photograph  taken  from  the  top o f   t h e   t a n k   n e x t   t o   t h e   j i b  
boom, shows two ladders, two underwater  l ights,  a por tho le ,   the   f i xed   p la t fo rm,  
and  an   upper -e leva t ion   l igh t   c lus te r .  

Underwater t e s t s  were  des igned  to   permi t   the  main  par t   o f   the  test  sequence 
to   t ake   p lace   i n   t he   p r i nc ipa l   t es t   a rea  shown i n   F i g u r e  2-5. 
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F igure  2 - 1 .  Underwater  Test  Faci 1 i t y  
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Figure 2-2. Water Conditioning  Equipment 
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Figure  2-3. Water Tank I n t e r i o r  
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Figure 2-4. Top View o f  Water Tank 

8 



OBSERVAT 
PORTS 3 

1 HOCKUP AND SUPPORT  AREA 

2 MAX IMUH TEST AREA 
‘ I  ON 
PLACES 3 PRlNC I PAL  TEST  AREA 

/ ’  

TANK 

AND MON I TOR I NG d \ f l  

Figure 2-5. Schematic o f  Tank  Work Area 



The water pH and  chlor ine  content  are  checked  four  t imes  each week and 
a d - j u s  ted  as  necessary. The pool  i s  vacuumed once a  week.  The water i s  f i 1 tered 
through a pumping  and f i l t e r i n g  system;  the f i l t e r   i s  a typical   heavy-duty  type 
~ r s i n y  canvas  bays  and  diatomaceous  earth.  Since  the pump c a p a c i t y   i s  250 gal 
pe r  n j i n ,  a complete  tank  volume i s   cond i t i oned   app rox ima te l y   eve ry  7 t o  8 h r .  
Wate r  tw lncra ture  i s  mainta ined  by  ad just ing  the  heater   temperature  cont ro l ,   the 
water flow ra te   t h roug  
s y s  Lem. 

A Fiberg lass she1 
mollnt inn ~ t r l ~ c t u r e   f o r  
Miscel laneous cquipmen 

the 

Moun 

, wh 
the 
and 

heater ,   and  the  cyc l ing  f requency  o f   the pumping 

t i n g  She1 1 f o r   Neu t ra l  Buoyancy 

i c h   f i t s   t h e   t o r s o   o f   t h e   p r e s s u r e   s u i t ,   p r o v i d e s   t h e  
l ead   we igh ts   requ i red   t o   es tab l i sh   neu t ra l  buoyancy. 
res t ra in t   dev i ces   a re   a l so   a t tached   to  i t .  F iqure 

2 - 6  i I lust   rates  . the  use o f  the she1 1 with  the  lead  weights   a t tached.  By the 
lIrc)l)cr a d d i t i o n  o f  weights  on  the she1 1 and i n   t h e  backpacks, good n e u t r a l  buoy- 
a n c y  can be obta incd fo r  a l  I body pos i t   i ons .  

Ful   I -Pressure  Sui   ts 

F ive G-2C F u l  I - p r e s s u r e   s u i t s  were  used i n   t h i s  program. 

St1 i I Env i ronmen ta 1 Con t r o  1 Sys  tem ( E C S )  and M i  scel  laneous Equ i pmen t 

F igure 2 - 7  i s  a schematic o f   t he   i ns t rumen ta t i on  and su i t   env i ronmenta l  
cond i t ion ing .  The v e n t i l a t i n g  gas for   env i ronmenta l   cont ro l  i s  suppl ied  f rom a 
&:war o f  l i q u i d   a i r  through  an  ambient  vaporizer  (heat  exchanger)  and  then to an 
s c ~ u n l u l a t o r .  The accumulator  mixes  the  vaporized gas t o   m i n i m i z e   t h e   f l u c t u a t i o n  
i n  oxyqen  and  nitrogen  vapor  pressures. The v a p o r i z e d   a i r  i s  in t roduced  to   the  
s t l i t  i n l e t .  A d i f f e r e n t i a l   p r e s s u r e  f low regu la to r   on   t he   ou t l e t  hose o f   t h e  
s t l i t   mainta ins  f low  ra tes  and s u i t  pressure.  The e x h a u s t   v e n t i l a t i n g  gas i s  
ducted  back  Lhrough  the  bulkhead  ambient  to  reduce  the  bubbles i n   t he   wa te r .  
F igure 2-8  shows the   bu lkhead  p laced  in   the   tank   wa l l   in   the   con t ro l  room. The 
bIl1khead min imizes  the  length o f  l ines   requ i red   fo r   b io ins t rumenta t ion   and gas 
f l o w  l i n e s .   L i q u i d   a i r  was used to  p rov ide   the  scuba d i v e r s   b r e a t h i n g   a i r   t h r o u g h  
th is   bu lkhead.  

An AiResearch  automat ic   pressure/ f low  regulator   mainta ined  su i t   pressure 
and v e n t i l a t i o n   f l o w .   T h i s   r e g u l a t o r   i s   c u r r e n t l y   d e s i g n e d   t o   m a i n t a i n   3 . 5  20. I 
p s i d  a i  I O  scfm. The sub jec t   i s   p ressu r i zed   a t   t he   su r face   t o   3 .5   ps i  dbove 
ambient ,   and  the  regulator   cont ro ls   the  f low  a t  I O  s c f m .  As the  subject  descends 
t o  work ing   dep th ,   t he   regu la to r   ma in ta ins   t he   su i t   a t   3 .5 -ps i   d i f f e ren t i a l   p res -  
sure  above  the  water  pressure  and a t   t h e  same t ime   regu la tes   t he   f l ow   to  17 scfm. 
The response  o f   th is   regu la to r  compensates fo r   any   f l uc tua t i ons   i n   p ressu re   as  
the  subject  changes  depth  and a l s o   m i n i m i z e s   t h i s   e r r o r  o f  s imu la t ion .  

An a i r c r a f t  low-impedance  intercommunications  system w i t h  special  helmet 
microphones  enables  communication w i th   t he   sub jec t .   Add i t i ona l   i ns t rumen ta t i on  
includes  mot ion  and s t i l l  photographs  and a spec ia l  sequence t iming  board.  An 
observer  operates a bar mechanism tha t   ac tua tes   th ree   s topwatches   a t   spec i f i c  
predetermined  events.   This  actuat ion  stops  one watch,  which  must be s t a r t e d   a t  

I O  



Figure 2-6. Use o f  She1 1 ( w i t h  Lead  Weights  Attached) 
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the   beg inn ing   o f   the  event,  and s ta r t s   t he   nex t   s topwa tch   f o r   t he   beg inn ing   o f  
the  next  event.  

Metabolic  Apparatus 

Metabo l ic   ra tes  were  measured by   i nd i rec t   ca lo r ime t ry .   Th i s   t echn ique  
measures the  energy  cost   of  a g i v e n   a c t i v i t y   b y   c a l c u l a t i o n   f r o m   t h e  amounts o f  
oxygen consumed and the  carbon  dioxide  produced. The open-c i r cu i t  method o f  
i n d i r e c t   c a l o r i m e t r y  was used. The subject  inhaled,  through a s e t   o f  one-way 
valves,  from  the  helmet  free space  and. exha led   in to  a  gas meter   loca ted   in  a 
backpack.  Expired  gases  were  analyzed, f o r  oxygen  and  carbon  dioxide  content. 
From these  data,  the  oxygen  consumptio'n,  carbon d iox ide  product ion,   and  respi ra-  
t o r y  exchange r a t i o  can  be ca lcu la ted .   Appropr ia te   no ta t ions   o f   exper imenta l  
pressure,  temperature,  and  water  vapor  pressure  are  required  to  reduce  oxygen 
consumption  and  carbon  dioxide  production  to  the  conventional  standard  tempera- 
t u r e  and  pressure  dry   condi t ions (STPD). The bas i c   equa t ions   f o r   t he   ca l cu la t i ons  
are   as   fo l lows:  

vco2 

"O2 

R = -  

where = oxygen  consumption (STPD) , I per  min 

vco2 = carbon  d iox ide  product ion (STPD), I per  min 

R = r e s p i r a t o r y  exchange r a t i o  

FI = f r a c t   i o n  o f  i nsp i red  oxygen 

O2 

O2 

FE = f r a c t i o n   o f   e x p i   r e d  oxygen 

FI = f r a c t i o n   o f   i n s p i r e d   c a r b o n   d i o x i d e  

O2 
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FE = f r a c t i o n  of  expi  red  carbon d 

bI = insp i red  volume per  minute, 

b, = expi   red volume per  minute, I 

c02 
i ox ide  

I per   min 

per  min 

PT = observed  barometric  pressure, mm Hg 

'H 0 = water  vapor  pressure  at  temperature (T), mm'Hg 

T = observed  temperature, O C  

C = k c a l / l  i t e r  bo a t   t he  measured R 

2 

2 

Energy  corresponding  to  oxygen  consumption i s   c a l c u l a t e d   b y   t h e   c a l o r i c  
e q u i v a l e n t s   f o r  oxygen  as  re la ted  to   the  respi ra tory  exchange r a t i o .  The c a l o r i c  
e q u i v a l e n t   o f  a 1 i t e r   o f  oxygen va r ies  from  4.686 t o  5.04 c a l   w i t h i n   t h e  normal 
range o f  R. 

Metabo l ic   ra tes   a re  measured  by a u n i d i r e c t i o n a l   r e s p i r a t o r y   c i r c u i t  made 
up o f   s p e c i a l  one-way va lves   conduct ing   tub ing   to  a resp i rometer   loca ted   in  a 
backpack  and  return  tubing, gas analyzers,  pressure  transducers,  temperature 
transducers,  and a record ing  system. 

The overa l l   ins t rumented system i s  shown i n   F i g u r e  2-9. The basic compo- 
nen ts   o f   t he  system, described below, are  the  modif ied  pressure  sui t   helmet,   the 
analyzer  backpack,  and the  record ing system. Each measuring  device  and i t s  use 
a lso   a re   descr ibed.  

Pressure  suit   helmet.--A  helmet  from  the G-2C pressu re   su i t  used i n   t h i s  
program was mod i f ied   to   accept   the  new AiResearch  breathing system. The ear-  
phones  were  removed from  the  helmet  and  replaced  with a speaker  from a t r a n s i s t o r  
radio,  and two 3 /4- in . -d ia   penet ra t ions  were made in to  the  back o f  the  helmet 
(F igure 2-10).  Th i s   mod i f i ca t i on  was necessary   to   pos i t ion  a set   of   AiResearch 
low-resistance, low-deadspace, one-way valves.   This new va lve  system (F igure  
2-1 I >  operates  on  the  wedge-leaf  valve  concept; i t  has  a low p r o f i l e  and does 
n o t   i n t e r f e r e   w i t h   t h e   s u b j e c t ' s   v i s u a l   f i e l d .   W i t h   t h i s  system, the   sub jec t  
inhales  f rom  the  f ree  a i rspace  o f   the  he lmet   through  the one-way v a l v e s   f i t t e d  
w i t h  a rubber  athlet ic  type  mouthpiece,  and  exhales  through a connecting hose 
tha t   runs   a long  the   s ide   o f   the   he lmet   ou t   th rough  the   rear   o f   the   he lmet .  The 
exhaled a i r   i s  ducted  to  the  backpack  by  3/4-in.  convoluted  tubing  and  returns  to 
the  rear  of   the  helmet  through a 3/4-in.  convoluted hose. A de f lec to r   on   the  
h e l m e t   r e t u r n   p o r t   d i r e c t s   t h e   a i r  down the   back   o f   t he   su i t   t o   p reven t   t he  
exhaled  carbon  dioxide  from  being  inhaled  again. 

Metabol ic  rate  analyzer  backpack.--Analyzers  to  determine  metabol   ic   rates 
were  packaged i n  a backpack  worn  by  the  subject  underwater. The pack  housing 
i s  1 /4 - in .   s ta in less   s tee l ;   i t s   d imens ions   a re  18.5 by 17.5 by 7.8 in .  

15 
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Figure 2-9. Instrumented System 
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Figure 2-1 1 .  Helmet Gas Valving and  Intercom Hardware 

18 



When the  backpack i s   p r e s s u r i z e d   t o  3.5  p s i  above  ambient  and a l l   t h e  
i n s t r u m e n t s   a r e   i n s t a l l e d ,   i t s   t o t a l   w e i g h t   i s  I12 l b .  It has a buoyant  force 
o f  91.2 l b  and  thus a negat ive  buoyancy o f  20.8 lb .  

Normally,  about 75 l b  must  be  added t o   o b t a i n   n e u t r a l  buoyancy a t  a depth 
o f  15 f t  f o r  a subject   wear ing a p ressur ized  G-2C pressu re   su i t .   Fo r t y - f i ve  
pounds o f   t h i s   w e i g h t  were u s u a l l y  added t o   t h e   f r o n t   o f  one o f   t h e  formed s h e l l s  
worn  by  AiResearch  subjects.  This  weight was pos i t ioned  near   the  subject 's  
c e n t e r   o f   g r a v i t y .  The remaining 30 l b  was added to   the   sub jec t ' s   back  and 
ex t remi t i es .  The backpack  accounts  for 20.8 l b   o f   t h e  30 l b  added t o   t h e  back. 

The measuring  system  consists o f  a modif ied  Franz-Mueller  respirometer, a 
Beckman LB-I i n f ra red   carbon  d iox ide  sensor, a Technology  Inc.  polarographic 
oxygen  sensor,  and  sensors t o  measure the  temperature  and  pressure  of  the  expired 
a i r .  The e x p i r e d   a i r  moves from  the  mouthpiece  and  tubing a t   t h e   r e a r   o f   t h e  
he lme t   i n to   t he   resp i romete r   f o r  measurement o f  gas volume. The respirometer was 
mod i f ied   to   inc lude  an   e lec t ron ic   sensor   tha t   p rov ides  a s i g n a l   f o r  volume record- 
ing. The sampling  device o f   the   reFp i rometer  samples t h e   e x p i r e d   a i r   o v e r  each 
brea th .   Th is   dev ice   a lso   ac ts   as   the  pump t o  push the  expi red gas  sample past  
the  oxygen  electrode  and  through  the  infrared  carbon  dioxide  sensor. The gas 
moves i n t o   t h e   b u f f e r  volume of the  backpack  and i s  ducted  to   the  pressure  su i t  
through  the  rear   o f   the  he lmet .  

The data  from  the  respirometer  and  from  the  oxygen  and  carbon  dioxide 
sensors,  the  temperature o f   t h e  gases, and  the  total   pressure  in  the  backpack 
p r o v i d e   a l l   t h e   i n f o r m a t i o n  needed t o   c a l c u l a t e  oxygen  consumption,  carbon d iox ide  

.product ion,   and  respiratory exchange r a t i o .  

It should be noted  that   s ince  the  pressure  of   the  backpack and t h a t   o f   t h e  
p ressu re   su i t   a re   t he  same, a l l   c a l i b r a t i o n s  and  analyses  are made a t   t h a t   p r e s -  
sure. 

Cal ibrat ion  techniques.--The  var ious components o f   the   ana lyzer  system  were 
ca l ib ra ted   by   spec ia l i zed   techn iques   su i ted   fo r  each p a r t i c u l a r  component. C a l i -  
b r a t i o n s  were  performed a t   l eas t   be fo re   eve ry   t es t  and p e r i o d i c a l l y   d u r i n g  a 
t e s t   a s   r e q u i r e d .   C a l i b r a t i o n   o f   t h e  gas analyzers was the most c r i t i c a l   t o   t h e  
measurements t o  be made and  the  inst ruments  most   suscept ib le   to   e lect ron ic   dr i f t .  
However, the  inst ruments  used  were  s tab le  for   per iods  o f  4 t o  8 h r  and the re fo re  
d id   no t   p rove   t o  be  a problem. 

The gas analyzers  were  cal  i brated  by  passing gases  from known oxygen  and 
carbon  d iox ide  concentrat ions  through  the  system  respi ra tory   c i rcu i t   w i th   the 
system a t   t es t   p ressu re   ( t o ta l   p ressu re   expec ted   w i th   t he   sub jec t   i n   h i s   work  
p o s i t i o n ) .  A t  l eas t  a 4 - p o i n t   c a l i b r a t i o n   c u r v e  was generated  for  each  analyzer. 
C a l i b r a t i o n s  were  repeated a f t e r  each test   to   ensure  accuracy  o f   the  data.  A 
schematic o f   t h e  gas ana lyze r   ca l i b ra t i on   conso le   i s  shown i n   F i g u r e  2-12. 

Bio ins t rumenta t ion  

Rectal  temperature changes  were  measured w i t h  a thermistor  probe (0.46 cm 
i n  diameter  and 3 . 9  cm long)  and  recorded on an  Offner Type S Dynograph. A l l  
rectal   temperature  probes were inser ted  approx imate ly  I O  cm beyond the  anal 
sph inc ter .  
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Cont inuous  electrocardiograms (ECG's)  were  taken w i th  a three-e lect rode 
system c o n s i s t i n g   o f  a b i p o l a r   m o d i f i e d  V 4  lead  and a ground.  Recording  and 
mon i to r i ng  was done on  the  Dynograph a t  2-min i n te rva l s ;   t he  speed o f  the  record- 
ing  paper was m a i n t a i n e d   a t  5,mm per  sec. 

Resp i ra to ry   ra te  was measured w i t h  short- t ime-constant  thermocouples  located 
i n   t h e   v e s t i b u l e  o f  the one-way resp i ra to ry   va lves .   Mon i to r ing   and  record ing   o f  
r e s p i r a t o r y   r a t e  was done on  the Dynograph. 

Respi ratory   minute volumes  were  determined  by  passing  the  expired gas 
through a r e s p i r a t o r y  gas meter (Model 59, Max P l a n c k   I n s t i t u t e   f o r  Work Physio- 
logy).   This  instrument,   developed  to  determine  the  respiratory  minute  volume  of  
subjects  performing  various  work  loads, was i d e a l l y   s u i t e d   f o r   t h i s   ' t e s t  program. 
Total  pressure  and  dry-bulb  temperature o f   t h e  gas a t   t he   me te r  were monitored 
a n d   a c c o u n t e d   f o r   i n   a l l   q u a n t i t a t i v e  measurements. 

Reactive  Force Measurements 

One poss ib le   exp lanat ion   fo r   the   inc reased  leve l   o f   energy .expend i tu re   fo r  
work i n  reduced o r   z e r o   g r a v i t y   i s   t h a t  a counterac t ive   fo rce   ( to   accompl ish  
work)  must be suppl ied  by  muscular   act ion.   Th is   react ive  force must be developed 
between the  astronaut  and  the  spacecraf t  upon which he i s  working. Thus, the 
fo rces   impar ted   to   the   res t ra in t  systems  which  are  used  to  al low  the  astronaut 
to  perform  work  must  be  determined  to ( I )  understand  the  react ive  force  developed 
i n   p e r f o r m i n g  a given  task, ( 2 )  evaluate  the  loads  imparted  to  the  machine  at   the 
man-machine in te r face ,  and (3 )   p rov ide  an o b j e c t i v e   e v a l u a t i o n   o f   r e s t r a i n t   s y s -  
tems. The react ive  forces  developed  are measured t o   p r o v i d e  an unders tand ing   o f  
the  normal  force  envelope  for man work ing   i n   t he   we igh t l ess ' cond i t i on  and t o   g i v e  
a t i m e   h i s t o r y   o f   t h e   a c t u a l  work  performed. The forces  impar ted  to   the  s t ruc-  
tures  on  which  the  astronaut  is   working  must be known to  understand  the i r   poten-  
t i a l   e f f e c t s  on   s t ruc tu ra l   des ign .  

Load c e l l s   i n   t h e   l o a d - c a r r y i n g   s u p p o r t   s t r u c t u r e s   ( r e s t r a i n t s )  measured the 
loads  induced in   t he   s t ruc tu re   f rom  the   pe r fo rmance   o f   spec i f i c   sequen t ia l   t asks .  
Forces  imparted i n   t he   t asks   o f   t o rqu ing  a l e v e r   s i m i l a r   t o  a va lve  and a p u l l -  
push  dev ice   s im i la r   to   t igh ten ing   o r   loosen ing  a bo l t   (F igure   2 -13)  were a l s o  
measured. These  two loads can  be c l a s s i f i e d  as a c t i o n  and reac t i on ;   t ha t   i s ,  
the   suppor t ing   loads   p rov ide   the   reac t ion   and  the   work   loads   o f   the   spec i f i c  
task   p rov ide   the   ac t ion .  

The task  e lements  and  pr imary  load-carry ing  rest ra in t  members were  designed 
to   p rov ide  a symmet r ica l   c ross   sec t ion   fo r   app ly ing   s t ra in  gages t o  make up the 
l o a d   c e l l s .  A symmetr ical   sect ion  reduces  the  complexi ty  of   data  reduct ion  and 
i n c r e a s e s   t h e   s e n s i t i v i t y   o f  a l o a d   c e l l   b r i d g e  when a l l   t h e  gages a re   ac t i ve .  

A l l  bu t   t he   t h rus t  and f l exu re   l oad   ce l l s  were a p p l i e d   t o   t u b u l a r  members. 

The l o a d   c e l l s  used i n   t h e   r e s t r a i n t   t e s t i n g   a n d   t h e   f i g u r e s   t h a t  i l lus-  
t ra te   t hese   l oad   ce l l s   a re   as   f o l l ows :  
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No. Load C e l l  

1 .  Task  box push-pul l  

2. Task  box  torque  tube* 

3. S t r a p   r e s t r a i n t s  ( 2 )  

Figure  
Schema t i c Photograph 

2- I4  2- I 5  

2- I6 2- I7 

2- 18 2- I9 

4.  R i g i d - l e g   r e s t r a ! i n t  2- 20  2-2 I 

5. Thrust   and  bending  f lexure 2-22  2-23 

6. Foot  and cage r e s t r a i n t  2- 24 2- 25 

*Two conf igurat ions  were used. One  was a  smal 1 d iameter  tube-  wi th a "wheel" 
handle,  and  the  other was a la rger   d iameter   tube  w i th  a "TI' handle 

The task  box  push-pull ( I )  c a l l e d  a fu l l -bending  br idge,  was used i n  each 
t e s t .  The task  box  torque  tube ( 2 )  was a torque  br idge  used  in   each  test .  The 
s t r a p   r e s t r a i n t s  ( 3 )  were r i n g   l o a d   c e l l s   u s i n g  a f u l l - b e n d i n g   b r i d g e   t o   p r o v i d e  
t h e   a x i a l   t e n s i o n   l o a d   i n   t h e   s t r a p .  The r i g i d - l e g   r e s t r a i n t  (41, used on ly   du r -  
i n g   t h e   r i g i d - l e g   t e s t s ,  was inst rumented  wi th   fu l l -bending,   tors ion,   and  ax ia l  
br idges. The th rus t   and   f l exu re  ( 5 )  c o n s i s t e d   o f  a f u l l - b e n d i n g   b r i d g e   t o  mea- 
sure  thrust   and two f u l l - b e n d i n g   b r i d g e s   t o  measure moments (bending).   This 
l o a d   c e l l  was used o n l y   w i t h   t h e   r i g i d - l e g   r e s t r a i n t .  The foo t   and cage r e s t r a i n t  
(6)  was inst rumented  wi th   fu l l -bending,   tors ion,   and  ax ia l   br idges.  

F igure  2-26 shows t h e   s t r a p   r e s t r a i n t   l o a d   c e l l s  mounted  on  the s u i t   s h e l l  
w i t h   t h e   s t r a p   r e s t r a i n t s .   T h i s   f i g u r e   a l s o  shows the Gemini 12 f o o t   r e s t r a i n t s  
mounted  on  the r e s t r a i n t   p l a t f o r m .  

Sensors  and  Recording Systems 

Most  data  were  recorded  both in   analog  form  and  on a d i g i t a l   d a t a  system. 
This   system  consis ts   o f   sens ing  equipment ,   s ignal   condi t ion ing  equipment ,   d ig i ta l  
d a t a   a c q u i s i t i o n  system (DDS),  and  the  visual  monitoring  equipment.  Figure 2-27 
i l l u s t r a t e s   t h e  DDS in   b lock   d iagram.  

C o l l e c t i n g   d a t a   w i t h   d i g i t a l  equipment i s  a d i r e c t  method o f  computer e n t r y  
t o  improve t e s t   r e s u l t s  by  improved  data  accuracy  and  ease i n  computation.  Data 
taken  one day, a s   d i g i t a l  numbers, a r e   i n p u t t e d   t o   t h e  computer,  and  the r e s u l t s  
can  be  presented to   t he   t es t   conduc to r  w i th in  4 hr o f   t e s t   c o m p l e t i o n .  

Sensinq  equipment.--The  sensing  equipment i d e n t i f i e d   i n   F i g u r e  2-28 i s   d i s -  
cussed i n  subsequent  paragraphs. 

I .  Oxyqen and  carbon  dioxide qas analysis  equipment.--1nspi  red  and  expi  red 
gases  were  analyzed  to  determine  the  percentage o f  oxygen  and  carbon  dioxide 
contained,  and  the gas percentage was conver ted  to  an e l e c t r i c a l   s i g n a l   f o r  
recording  purposes. 
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Ftgure 2-14. Task-Box (Push-pull)  Lever Load cell 
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F i g u r e  2-1 5. Task Box ( P u s h - p u l l )   L e v e r  Load C e l l  
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Figure 2-16. Task-Box Torque Tube Load Cell 
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Figure  2-1 7. Task-Box  Torque  Tube  Load C e l l  
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Figure 2-18. Strap Restraints 
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F i g u r e  2-19. S t r a p   R e s t r a i n t s  Load Cell 
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Figure  2-21. R i g i d  Leg  Restra ints  Load Cell 
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Figure 2-22. Thrust and Bending Flexure Load Cell 
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F i g u r e  2-23 .  T h r u s t  and  Bending F l e x u r e  Load Cell 

62642-1 
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Figure 2-26. Strap  Restraints w i  th Load Cell 
Gemini I 2  Foot  Restraints 
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Figure 2-28. I n t e r n a l  View o f  Backpack 
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The sensing  equipment   used  to   prov ide  an  e lect r ica l   output   propor t ional   to  
t h e   p a r t i a l   p r e s s u r e   o f  oxygen was the  Technology  Inc. Model PO 160L oxygen  meter 
us ing  a temperature-compensated  oxygen  polarographic  electrode  and  an amp1 i f y i n g  
system w i t h  a meter  readout. The sensing  equipment  used t o   p r o v i d e   a n   e l e c t r i c a l  
ou tpu t   p ropor t iona l   to   the   percentage  o f   carbon  d iox ide  was the Beckman Model 
LB-l medical  gas  analyzer  using a microcatheter  sample c e l l  and  an  ampl i f ier   sys-  
tem w i t h  a meter  readout. I n   a d d i t i o n   t o   t h e  LB- I system, the  data  system  uses 
an LB-I l i n e a r i z e r   t o   c o n d i t i o n   t h e   d a t a   p r i o r   t o   e n t r y   i n t o   t h e  DDS. The 
i n s p i r e d  gases  were  sensed i n   t h e   s u b j e c t ' s  oxygen d e l i v e r y  system, and the 
exp i red  gases  were  sensed  on the   exp i red   s ide   w i th   the   sensors  mounted i n   t h e  
backpack u n i t   ( F i g u r e  2-28). 

2. Resp i ra to ry   ana lys is  equipmentL--The r e s p i r a t o r y   e x p i r a t i o n   c y c l e   o f  
the  subject   under   test  was plumbed t o  a Franz-Mue l le r   resp i ra t ion  gas meter 
mod i f i ed   t o   i nc lude  a con t inuous   po ten t i omet r i c   ou tpu t   p ropor t i ona l   t o   t he   l i t e r  
measurement  chamber  system.  Each r o t a t i o n   o f   t h e   p o t e n t i o m e t e r  was the  equiva- 
l e n t   o f  a 2-1 vo lumet r ic  change. The resp i red  gas temperature was sensed  by 
mounting a the rm is to r   i n   t he  gas meter  p lumbing.  Respirat ion  rate was sensed  by 
two t h e r m i s t o r s   e l e c t r i c a l l y   c o n n e c t e d   i n   s e r i e s  and  mounted in   the  mouthpiece 
(F igure  2 - 2 9 ) .  The two thermis to rs  were mechan ica l l y   i so la ted   by   va lv ing  so t h a t  
one thermis to r  sensed  the i n s p i r a t i o n  and the second thermis to r  sensed the 
exp i   ra t i on   (F igu re  2-30). The p o t e n t i o m e t r i c   o u t p u t   o f   t h e  gas m e t e r  and t h e   c y c l i c  
v a r i a t i o n   o f   t h e   r e s p i   r a t o r y   t h e r m i s t o r s  were  connected t o   i n d i v i d u a l  (ramp  genera- 
tor)  counters  which  count and store  the  pulses  generated. 

3. Phys io loq ic   moni tor inq  equipment . - -The  phys ica l   wel l -be ing  o f   the  test  
subjects ,   whi le   under   test   condi t ions,  was monitored  by  sternal  ECG e lec t rodes  
and  by a core  ( recta l )   temperature  probe.  These sensors  generated  two-level 
e l e c t r i c a l   s i g n a l s  and d id   no t   requ i re   convers ion   p r io r   to   record ing .   Vo ice  
communication was m a i n t a i n e d   a t   a l l   t i m e s  between the  test  conductor  and  the 
tes t   sub jec t .   Hear t   ra te  was determined  by  counting  the R phase o f   t h e  ECG 
s igna l  on a minute-to-minute  basis.  

Very   h igh   hear t   ra tes   a re   po ten t ia l l y  dangerous.  During  the  performance  of 
a task,   the  test  was immediately  stopped i f  the   sub jec t ' s   hea r t   ra te  exceeded 
180 beats  per  min  or  i f  the   hear t   ra te  exceeded 170 beats  per   min  for  more than 
3 min. These l im i ta t ions   a re   w i th in   w ide ly   recogn ized  sa fe ty   s tandards .   H igh  
body   t empera tu re   a l so   i s   po ten t i a l l y  dangerous. I f  the TR exceeded 102'F, the 
t e s t  was ended. 

The ECG and T were w r i t t e n   o u t   d i   r e c t  1 y by  an  ink-wr i t i ng reco rde r   f o r  
immediate  evaluation. R 

Heart  rates  were measured  from  an  electrocardiogram ( E C G ) .  Although  the 
ECG was used m a i n l y   f o r   s a f e t y  reasons, i t  i s   a l s o  a genera l   ind icator  o f  work 
load. 

Rectal  temperature ( T  ) as  an  ind icator   o f  body core  temperature was con- R 
t inous ly   mon i to red .  Most o f   the   energy  expended whi le   work ing i s  d iss ipa ted   as  
heat. I f  the  body  cannot r i d   i t s e l f   o f   t h i s  heat  as  fast  as i t  i s  produced, the  
core  temperature will r i s e .  A s  w i t h   t h e  ECG, the T was main ly   moni tored  for  
safety  reasons. R 
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Figure 2-29. Suited  Test  Subject 
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Figure 2-30. Air S u p p l y  and S u b j e c t ' s  System Cabling 



4. S u i t   m o n i t o r i n g  equipment.--The s u i t   i n l e t  and o u t l e t  temperature, s u i t  
gases, and su i t   p ressure   parameters  were  measured w h i l e   t h e   s u i t   f l o w  was main- 
t a i n e d   a t  5. 19 t o  5.66  I /sec,  and  the  suit   pressure was m a i n t a i n e d   a t  2460.8 kg/m . 
These cond i t i ons  were  manual ly  control led,   and  the  deviat ions were  recorded  on 
the   da ta   co l l ec t i on  system fo r   co r rec t i on   f ac to r   t o   improve   t he   me tabo l i c   da ta  
accuracy. 

2 

The i n l e t  and ou t le t   tempera tures  were  sensed us ing   t he rm is to rs   l oca ted   i n  
t h e   i n l e t  and o u t l e t   s u i t   c o u p l i n g   f i t t i n g s .  The s u i t   p r e s s u r e  was sensed us ing  
a Statham 0- t o   2 5 - p s i a   s t r a i n  gage pressure  transducer (P/N PA 295TC-25-350). 
The s u i t - t o - a m b i e n t   d i f f e r e n t i a l   p r e s s u r e  was sensed us ing  a Statham 0- to   5 -ps id  
s t r a i n  gage pressure  t ransducer (P/N  PL 295TC-5-350). Both  pressure  transducers 
were loca ted   in   the   backpack   un i t .  

Physioloqic  parameters.--The  physiologic p.arameters, ECG, recta l ,   vo ice,  
and respi ra t ion  f rom  the  mouthpiece were c a b l e d   i n t o   t h e   s u i t   v i a   t h e   s u b j e c t ' s  
cab1  e (Figure  2-30). 

D i q i t a l  system.--The d i g i t a l   d a t a   a c q u i s i t i o n  system c o n s i s t s   o f  a 20-channel 
mu l t i p lex ing   un i t ,   an   amp l i f i e r ,   an   ana log - to -d ig i t a l   conve r te r ,  a b u f f e r   u n i t ,  
and a tape  per fo ra to r .   F igure  2-31 i l l u s t r a t e s   t h i s  system i n  a block  diagram. 
F igure 2-32 shows t h e   d i g i t a l  system  and  the  other  recorders. 

All parameters   requ i re   s igna l   cond i t ion ing   p r io r   to   reco ' rd ing   the   in fo rma-  
t i o n .  Power, sens i t iv i ty ,   ba lance,   and  range  ad justments  are  inc luded  in   the 
s ignal   condi t ion ing  equipment .  A l l  i n fo rma t ion   t o  be recorded  on  the d i g i t a l  
system a r e   c o n d i t i o n e d   f o r   a n   o u t p u t   o f  0 t o  10.0 mv dc. The d i g i t a l  system 
consists  of  the  equipment  described  below. 

I .  20-Channel m u l t i p l e x e r   u n i t . - - T h e   m u l t i p l e x e r   i s  a 3 -po le   re lay   sw i tch-  
i n g   u n i t   c a p a b l e   o f  a maximum s w i t c h i n g   r a t e   o f  5 ms per  channel   wi th a cyc le  
o p e r a t i n g   l i f e   o f  IO9 cyc les.  The  20 channels o f   i n f o r m a t i o n   a r e   s e q u e n t i a l l y  
sampled every 2 min. The ou tpu t   ( l ow   l eve l )  i s  p resen ted   t o   t he   amp l i f i e r .  

2. A m p l i f i e r   u n i t . - - T h e   a m p l i f i e r   i s  a so l id -s ta te ,  wideband, d i f f e r e n t i a l ,  
low- leve l  dc a m p l i f i e r   w i t h   a n   i n t e g r a t e d  power supply. The a m p l i f i e r   i s  
des igned  fo r   use   in   da ta   acqu is i t ion  systems. Wide bandwid th ,   fas t   se t t l ing  
time,  and h i g h  common-mode r e j e c t i o n  add t o   t h e   o v e r a l l   v e r s a t i l i t y   o f   t h e  
a m p l i f i e r .  

3. Ana log - to -d iq i   t a l   conve r te r . - -The   ana log - to -d ig i t a l   conve r te r   i s  a 
so l   id -s ta te   conver te r   w i th   an   overa l l   accuracy   o f   50 .01-percent   accuracy .  A con- 
v e r s i o n   r a t e   o f  33 psec  per  b i t ,   producing a 12-b i t   b inary   ou tpu t ,   con ta ins  a 
f ron t   pane l   s ign   and   dec ima l   p resen ta t i on   o f   t he   ou tpu t   o f  each  channel  during 
samp 1 i ng. 

4. Te le typewr i te r   bu f fe r   un i t . - -The   bu f fe r   un i t   accep ts   t he   b ina ry   ou tpu t  
o f   t h e   a n a l o g - t o - d i g i t a l   c o n v e r t e r  and  the   b inary   ou tpu t   o f   the   t ime  o f  day  and 
e lapsed   t ime   d ig i t a l   c l ock  and  sequerices t h e   d i g i t a l   d a t a   t o   t h e  ASC I1 code 
conver ter .  The b u f f e r   u n i t  programs  the  data to   the   tape punch p e r f o r a t o r   f o r  
c o l l e c t i o n   o f   t h e   i n f o r m a t i o n .  
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Figure 2-31. D i g i t a l  Data  Acquisition System 
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Figure 2-32. Data Console 
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5. Tape punch  perforator  uni   t . - -The  tape  punch  uni t   accepts  the  data  f rom 
t h e   b u f f e r   u n i t   a n d  punches t h e   d a t a   i n   t h e  ASC I1 code fo r   use   on   the   te le type-  
w r i t e r  computer e n t r y   u n i t .  F igure 2-33 shows  a t y p i c a l  punched  tape. 

Data  Col lect ion  and  Anal 'ysis 

The methods of d a t a   c o l l e c t i o n   a n d   a n a l y s i s   v a r y   s l i g h t l y   f o r   e a c h   t y p e   o f  
t e s t .   T h i s   d i s c u s s i o n   o u t l i n e s   t h e   p r o c e d u r e s   f o r  each  data  type  and  the  var ia-  
t i o n s   i n   d a t a   h a n d l i n g   f o r   d i f f e r e n t   t e s t s .  The g e n e r a l   p l a n   f o r   d a t a   c o l l e c t i o n  
a n d   a n a l y s i s   i s  summarized i n   T a b l e  2-1. 

TABLE 2-1 

DATA  COLLECTION AND ANALYSIS  PLAN 

Data  Type 

Performance 
adequacy 

Performance 
adequacy 

Time 

Energy 
expendi ture 

Phys io log ica l  
parameters 

Transmiss  ion 
p reac t   i ve   f o rce  

Sensor - 
i ng 

Human 
eng i nee r 
observer 

Mot ion 
p i c t u r e  
camera 

Observer 
w i th   s top -  
watches 

Respi r a t   i o n  
sensors 

Heart,  etc., 
sensors 

S t r a i n  gages 

Recorder 

Observer  and 
note  pad 

Movies 

Observer w i t h  
task sequence 
form 

D i g i t a l   d a t a  
system 

D ig i ta l   da ta  
system 

Ana 1 og 

~~ 

Data 
Converter 

Observer 
working 
rough  notes 

Mot i on  
p i c t u r e  
p r o j e c t o r  

Huma n 
a n a l y s t  

Computer 

Compu t e  r 

Hand 

Data Ana 1 yze r 

Observer 
mak ing   f i na l  
j udgments 

Exper t   i n te r -  
p r e t a t i o n   o f  
f i l m s  

Compu t e  r and 
ana lys t  

Computer 

Cornpu t e  r 

Hand 

Performance  records  were made d i r e c t l y   b y  a m o t i o n   p i c t u r e  camera and  by a 
human engineer ing  observer .  The observer   updated   h is   no tes   da i l y .   Th is   record  
o f   h i s   o b s e r v a t i o n s  wi 1 1  s e r v e   a s   p a r t i a l   d a t a   f o r   t h e   r e p o r t .   M o t i o n   p i c t u r e  
r e c o r d s   o f   t e s t s   p r o v i d e d  backup data for  the  observer .  The m o t i o n   p i c t u r e s   o f  
a t e s t   a r e   s t u d i e d   a l o n g   w i t h   t h e   d a i l y   n o t e s  f o r  data  evaluat ion.  
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F-80L7 

Figure 2-33. Data  on Punched Tape and P r i n t e d  Out 
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The t ime  record   o f   the   tes ts  was kept  by a standard  stopwatch  board  method 
used i n   s i m i l a r   t e s t s .  The forms  on  which  the  t ime was recorded  were  the same 
as  those  used  by  the  observer.  The forms  and  the  t iming  points  were  developed 
by  the  observer  and  checked  for   their   usabi  1 i t y  and  the  dependabi 1 i t y   o f   r e s u l -  
t a n t   t i m e s   d u r i n g   s u b j e c t   t r a i n i n g .  Time records  were  used i n  some s t a t i s t i c a l  
ana lys i s .  

DAILY TEST  PROTOCOL 

A da i l y   schedu le  was es tab l i shed  to   acqua in t   the   sub jec t ,   da ta   co l lec to rs ,  
and  o ther   tes t   personne l  w i th  the sequence o f  events.  Duties  and  procedures  were 
es tab l i shed  fo r   each member o f  t h e   t e s t  team, and a l l  personnel  were  oriented  and 
b r i e f e d   f o r  each  day o f   t e s t i n g .   T h i s   i n f o r m a t i o n  was a lso   supp l ied   as  a d a i l y  
test   schedule  and  posted  in  advance  of   each  day.of   test ing.  The checkout o f   t h e  
suit,  subject,  and  support  equipment  were  conducted  simultaneously.  During  the 
sub jec t   p repara t i on  time, t e s t   p e r s o n n e l   c a l i b r a t e d   a l l  gas analyzers  and  bio- 
i ns t rumen ta t i on   t o   ensu re   accu racy   o f   da ta   acqu is i t i on .  

I n - tank   read iness   o f  mockups, modules, res t ra in t s ,   t oo l s ,  and other   suppor t  
equipment was performed  by  the  scuba  divers  while  the  subject was being  readied 
f o r   t h e   t e s t .  The sub jec t   en tered   the   s imu la to r   w i th   the   appropr ia te  harness, 
she1 1 ,  weights,   instrumentat ion,   etc.  The sub jec t  was submerged on  the  upper- 
level   p lat form,  and a f inal   formal  checkout was  made f o r   a l l  parameters.  This 
checkout was conducted t o   a n   e s t a b l i s h e d   c h e c k l i s t   a n d   i n  a standardized manner. 
Fo l low ing   the   checkout   and  p r io r   to   beg inn ing   the   tes t ,  a res t ing   metabo l ic  
measurement o f   t h e   s u b j e c t  was taken. 

A f te r   t he   t es t   conduc to r  was s a t i s f i e d   t h a t   a l l   i n s t r u m e n t s  were func t i ona l  
and c a l i b r a t e d  and tha t   the   sub jec t  was ready, t h e   t e s t  was s ta r ted .  

Each t e s t  was ca r r i ed   ou t   acco rd ing   t o   t he   t ask  sequence developed f o r   t h e  
s p e c i f i c   t e s t   c o n d i t i o n .  Task-element  t imes  were  recorded  for  each  task o f  the 
t e s t  mode. Ketabo l ic   ra tes ,   reac t ive  loads, heart   rates,   respiratory  rates,   and 
core  temperatures  were  moni tored  cont inuously   over   the  ent i re   test   per iod.  
Physiologic  data  were  recorded  in  2-min  blocks. 

TEST  PERSONNEL 

During  the  immersion  tests,  the  test team c o n s i s t e d   o f   t h e   f o l l o w i n g :  

Test  conductor I 

Human engineer ing  observer  I 

Time and  motion  observer I 

Ins t rumenta t ion   techn ic ian  I 

Scuba d i v e r s   ( s a f e t y )  

Safety  observer  (medica 1 ) 

Photographer  (as  requi  red) 

Subjects 

S u i t   t e c h n i c i a n  

2 
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A l l  t h e   t e s t  brew assigned to c a r r y  out t h e . t r s . t s  hed p r i o r  experience in 
neutral-bu.Qy?ncy  testing, i n  rdd1.tim t o   k i n g   e x p o r t s  within thdir assigned 
f ie ld .   Onci .se1ected,   the  perronnol   were  pemnont ly   ass ignod to the  program. 
To rI1ev:’iate the d i f f i . c u 1 t y  ob r w m t g n i n g  personhe1  in-case of sickness or 
acc‘ident, a d e t a i l e d   d u t y ,  shaet .w,s prepared  to   p rov ide  8 s o t   o f   c a n p l o t e   I n s t r u c -  
t ions.   and a d i i ’ l y  c h e c k l i s t .  The .duty  sheet w s  propared for each  team member. 
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SECTION 3 

SUBJECTS ' 

. A t e s t   p a n e l   o f   e i g h t   h e a l t h y  male sub jec ts  was chosen for  these  experiments. 
Of these  eight, s i x  a c t u a l l y   p a r t i c i p a t e d  i n  the  tests .  The anthropometric 
c h a r a ' c t e r i s t i c s   o f t h e   s u b j e c t s   p a r t i c i p a t i n g   a r e  shown i n  Table 3-1. It i s  
immediately  apparent from the body sur face.area  data  that   the  subJects '  chal'ac- 
t e r i s t i c s   a r e   s i m i l a r   a n d  compare favorab ly  with the  average  ast ronaut   populat ion.  
The cons is tency   i n   t he   s i zes   o f   t he   i nd i v idua ls   resu l ted  from the   requ l ranen t   f o r  
t he   sub jec ts   t o  f i t  the Gemini se r ies   p ressu re   su i t s  used i n  the   tes ts .   Th is  
consistency  is  advantageous beca'use i t  a i d s  i n  m in im iz ing   d i f f e rences  In meta- 
b o l i c   r a t e s  between  ind iv iduals .  Also, the  test   subject   populat ion,  with the  
except ion o f  sub jec t  C.B., f i t s  the age  group  of  the  younger  astronauts. 

The notes shown i n  Table 3-1 i nd i ca te   t he  tes-t-s  each subject  performed. 

TABLE 3-1 

SUBJECT'S ANTHROPOMETRIC CHARACTERISTICS 

Subject 

D.L.. 

L.P.** 

A.P.* 

R . k *  I 

Age I n  
Y'urs 

22 

30 

21 

53 

50 

32 

Height 
in. ' I b  cm 

b l q h t  
kg 

69 3/4 

14.0 1 6 3  176.5 69 t /2  

71.3 157 119.1 70 1 / 2  

16.7 169 173.4 6a 1/4 

10.1 IS4 1/2 177.8  10 

16.3 168 177.2 

70 1/2 179.1 1 6 3  I / 2  74 .2  

Body Surface Aru, 
2 

I. 75 

I .69 

1.72 

1.71 

1.72 

I .74 
~~ ~ ~~ 

lb tes :  A l l  subjects  perforrned.each  restraint  test 

A l l  subjects  participated  in  tha  cargo  expioratory  tests 

Participated  in  the  rescue  exploratory  tests 

IC. P a r t i c i p a t e d   i n  tha  large module exploratory  tests 
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SECTION 4 

TEST DESCRIPTION AND RESULTS 

GENERAL 

This   program  cont inues  an  ear l ier   s tudy  e f for t   per formed  under  NASA Contract  
NAS 1-5875 to   invest igate  ext ravehicu lar   maintenance  tasks  and  the  assembly  o f  
l a rge  components i n   a   We igh t l ess   cond i t i on  of neutral-bouyancy  underwater  simu- 
l a t i o n .   S i n c e   l i t t l e  was known about   the   capab i l i t y   o f   a   p ressure-su i ted  man 
t o   p e r f o r m  work in  a  0-g  environment, much o f   t h e  work o f   t h i s   s t u d y  was broad 
i n  scope  and e x p l o r a t o r y  in nature. The fol lowing  problem  areas were considered 
c r i t i c a l   t o   p r o j e c t e d  EVA work  and  were  des ignated  for   exp loratory   invest igat ive 
study: 

(a)  Problems i n   t h e  assembly o f   l a r g e  modules 

(b)  Problems in   as t ronaut   rescue from EVA 

(c)   Problems  in   cargo  t ranspor t   and  manipulat ion  for  EVA 

(d )  Problems in   res t ra in t   dev i ces .   Fou r   as t ronau t   res t ra in t   dev i ces  
were  canpared  under  experimental  condit ions  during  a  maintenance 
task   invo lv ing   s ix   sub jec ts .   Th is   exper iment  was or iented  toward 
o b t a i n i n g   p r e c i s e   a n d   s t a t i s t i c a l l y   s i g n i f i c a n t   c o m p a r a t i v e   d a t a  
on  performance,  metabol ic  cost ,   and  physiologic  parameters  for  
d i f f e r e n t   r e s t r a i n t s   i n   m a i n t e n a n c e   w o r k   i n  a weight less   cond i t ion .  

Due to   the  exploratory   nature  o f   these  s tud ies,   test   data  are  presented 
fo r   ind iv idua l   tes ts ,   and no means, s tandard   dev ia t i on ,   o r   o the r   s ta t i s t i ca l  
trea,tment o f  these  data  can be made. Because of the 1 i m i  ted number o f  
observat ions made dur ing  these  tests,   great  care  must be taken  in   fo rming  
genera l   izat ions from these  data. 

The human engineer ing  procedures  dur ing  th is   s tudy were  based  on the 
knowledge t h a t  much of   the  meaningfu l   in format ion  re la t ive  to   the  madmachine 
in ter face  must  be  gained  by d i rec t l y   obse rv ing   t he   t asks   pe r fomed .  I n  t h i s  
respect,   notes  of   the  tasks were entered on t h e   c h e c k l   i s t   d u r i n g   t h e   t e s t  
s i t u a t i o n .  The pr imary   source   o f   da ta   fo r   the   check l   i s t  i s  the  task-performance 
t ime measured  by  manually  manipulated  stopwatches. An add i t iona l   source   o f  data, 
re la t i ve   t o   t he   manhach ine   i n te r face ,   i s   t he   mo t ion   p i c tu re   f i lms   t aken   t o   f u r -  
n ish  an  unchanging  data  source  that   could be  reused f o r   a n a l y t i c a l  purposes. 
Experience  has  demonstrated  that, as the   ana lys is  of the   manhach ine   in te r face  
progresses,  reexamination  of  the f i l m  h e l p s   t o   c l a r i f y   d a t a   a n d   s u b s t a n t i a t e  
observations. 

Many o b s e r v a t i o n s   r e l a t i v e   t o   t h e  man-machine i n t e r a c t i o n   a r e   s u b j e c t i v e .  
However, in fonnat ion  about   the numerous s imu l taneous  in te rac t ions   o f   the .   tes t  
v a r i a b l e s   o c c u r r i n g   i n   w e i g h t l e s s   s i m u l a t i o n - i s  needed. Only  obvious  conclu- 
s ions  are  drawn from the  subject   ive  obscrvat  ions.  
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The phys io log ic   da ta   ob ta ined  were   eva l   ua ted  by  two  techniques. Such 
treatment was governed  by  the  two  types  of  experiments  performed. 

Data o f   t e s t s   t h a t  were   exp lo ra to ry   i n   na tu re   were   p lo t ted   a long  a 
per formance  t ime  l ine  because  the  subjects   were  a lways  in  a  dynamic s t a t e  
ra the r   t han   i n  a  steady  state.   Physiologic  data from t h i s   t y p e   o f   t e s t i n g  
represent  the changes ' that   occurred  and  cannot be  compared w i th   da ta   de r i ved  
under  other  condi t ions.   Since  the  subjects were a l l o w e d   t o   s e t   t h e i r  own work 
pace  and to   mod i fy   tasks   to   ensure   the i r   comple t ion ,   the   phys io log ic   da ta  can 
o n l y  be used  as  a  comparison  between rest ing  values  and  peak  values  for   each 
type  o f   test   and  as a c o r r e l a t i o n   t o   t h e  human factors   observat ions.  

The r e s t r a i n t   s t u d i e s  were  designed t o   e v a l u a t e   f o u r   r e s t r a i n t  systems. 
I n  developing  the  tasks  for   these  tests,  a  complex  task w i t h  1 1  subtasks was 
developed. The var ious  subtasks,   which  d i f fered  in   nature,   requi red from 
shor t   to   long   per iods   to   per fo rm  and ranged from very 1 i g h t  work t o   t h e  
impar t ing   o f   h igh   impu ls ive   loads   fo r   shor t   per iods .  Thus, dur' ing  the 
performance of   these  tests ,   as i n  the   exp lo ra to ry   tes ts ,   the   sub jec ts  were 
never   in  a  steady  state. A c m o n  denaninator   in   these  tests ,  however, 
pe rm i t ted  an ob jec t ive   eva lua t ion   o f   the   metabo l  IC r a t e  data. Each o f   t h e   s i x  
sub jec ts  was requ i red   t o   pe r fo rm  the  same amount o f  work  on  the  task  box  with 
each r e s t r a i n t  system. Thus, t h e   t o t a l   e n e r g y   r e q u i r e d   t o   p e r f o r m   t h e   t o t a l  
task was de termined  fo r  each r e s t r a i n t  system,  and s t a t l e t i c a l  comparisons  were 
made by mu l t i p le   ana lys i s   o f   va r iance   and   by   s tuden t ' s  "t" tes t .  The data  used 
f o r   a n a l y s i s  were   de r i ved   i n   t he   f o l l ow ing  manner. Each  tes t  was c a r r i e d   o u t  
so that ,   a f ter   neutra l -bouyancy  ba lanc ing,   the  subject  was moved t o   h i s  work 
pos i t i on   and   res ted   wh i l e  a f ina l   ins t rumenta t ion   checkout  was performed. 
A f t e r  a 4- t o  6-min  interval   of   rest ing,   physiologic  data  were  recorded,  and 
t h e   s u b j e c t   c m e n c e d  work. The t o t a l  work  per iod was determined  by  the 
sub jec t ' s   dex te r i t y   t o   pe r fo rm  the   va r ious   t asks .   A f te r   t he   work   pe r iod ,   da ta  
were  recorded  , for  'another 4 t o  6 min. Computer. techniques  reduced  these raw 
data  to  meaningful   data.  The res t ing   metabo l ic   da ta   fo r   each  sub jec t   were  
subt rac ted  from the  to ta l   energy  expendi ture  for   the  work  and  postwork  record-  
i ng   i n te rva l s .  The increase  above  the  rest ing  metabol ic  rates  value was then 
sumned over   the   en t i re   per iod   and  i s   no ted   as   the   to ta l   energy   requ i red  to 
perform  the 1 1  subtasks. 

Table 4-1 shows the  genera l   env i ronmenta l   condi t ions  for   the  neutra l -  
buoyancy t e s t s .   D e t e r m i n i n g   t h e   s u i t   i n l e t   v e n t i l a t i n g  gas temperature  by  the 
ambient  water  t 'emperature i s  one obvious characteristic of   the  env i ronment  
and a major   d i f fe rence  be tween  th is   t ype   o f   s imu la t ion   and  those  car r Ied   ou t  
i n  an a i r  environment. Due to   the   la rge   heat   s ink   p rov ided  by   the   water  mass, 
conduct lve  cool ing  becanes a pr ime  method  o f   heat   t rans fer   o f   th ls   env i ro rment .  
The e f f e c t   o f   h e a t   t r a n s f e r  on the   phys io log i c   da ta   ob ta ined   du r ing   t h i s   t ype  
o f   s i m u l a t i o n  i s  not  understood. The h igh   to ta l   p ressure   and  the   d rag   fo rces  
o f  the  water   are  a lso  canpl icat ing  env i ronmenta l   condi t ions.  
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TABLE 4-1 

TABLE OF  TEST  CONDITIONS 

Parameter 

Sui t /water  ambient A P  , p s i  

S u i t   i n l e t   v e n t i   I a t i n g  gas  temperature, O F  

S u i t   o u t l e t   v e n t i   l a t i n g  gas  temperature,'F 

Sui t v e n t i   l a t i o n   f l o w   r a t e ,  scfm 

S u i t   t o t a l   p r e s s u r e ,   p s i g  - 
Water  temperature, OF 

Water  depth (at   approximate  c.g.  of  man), f t  

Water  pressure , p s i g  

S t a y t i m e   i n   t h e   s u i t ,   h r  

G f i e l d  

Average Range 

3.5 +o. I 

79  + I 0  

84 +2' 

17 +-I 

24.3 + I  

79 + I 0  

14 +I  

20.8  k0.4 

3 kO.5 

I g b u t  neu- 
t r a l  1 y  buoyant 

EXPLORATORY  ASSEMBLY OF LARGE  MODULES 

Th is   se r ies  o f  t e s t s  was structured  around  a  module  previously  assembled 
i n   t e s t s  under NASA Contract  No. NAS 1-5875. The basic  modular  hardware  for  
t h i s  e r e c t i o n   i s   i l l u s t r a t e d   i n   F i g u r e  4-1. The t e s t  purpose was t o  examine 
the  problem  areas  assoc iated  wi th :  

Mat ing  and  secur ing beams 

Mating  and  securing  modules  and  panels 

Using  locomotion  aids 

Tethering  modules 

Stopping  the  mot ion of modules 

Procedures  and  Test  Apparatus 

The task   se lec ted  to evaluate  these  problems was the  assembly  and  mating 
o f  two cy l i nd r i ca l   sec t i ons   each  4 f t  h i g h  and IO f t  i n  diameter. 
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Figure 4-1. Rail   Structure on Large R i g i d  Module 
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As a d i r e c t   r e s u l t   o f   p r i o r . A i R e s e a r c h   w o r k  (NAS CR-859), i t  was decided 
to   p resent   the   hardware   to   the   sub jec t   wh i le  he remained i n  a s ta t ionary   work  
spot. I n   t h e   p r i o r  study,  the  subject  had  been mobi le  and  the  module  stat ion- 
ary. To a s s i s t   i n   t h e   e r e c t i o n ,  a manual ly  operqted  panel   holder was designed. 
The sub jec t  assembled  and  at tached  th is  panel  j i g   ( F i g u r e s  4-2 and 4-3) t o   t h e  
mockup.  The hor izon ta l   pane ls   were   mod i f ied   w i th  a panel   containing  channels 
t h a t   w o u l d   h o l d   t h e   p a n e l   f i . r m l y   i p   a n   u p r i g h t   p o s i t i o n   a n d   a l l o w   t h e   s u b j e c t  
t o  mate a second  panel t o  it. -The  connected  panels  were  then  pushed i n   t h i s  
v e r t i c a l   p o s i t i o n  to the  edge o f   t h e   h o l d e r   f o r   t h e   p o s i t i o n i n g  and i n s t a l l a -  
t i o n   o f   t h e   t h i r d   p a n e l .   I n   t h i s  manner, the   sub jec t  assembled  the  module 
from a s t a t i o n a r y   p o s i t i o n .  Each panel was aligned,  fastened,  and moved 
through  the  ho ld ing j i g   u n t i l   t h e   f i r s t   p a n e l s   r e t u r n e d   t o   t h e   w o r k e r   a n d  
a l l o w e d   f a s t e n i n g   o f   t h e   l a s t   p a n e l   t o   c o m p l e t e   t h e   c i r c l e .  

The panel-holding  apparatus was assembled f i r s t  and a t t a c h e d   t o   t h e  
mockup. I t s   c o n f i g u r a t i o n  was used t o  observe  the  problem  associated  wi th 
mat ing  and  secur ing beams. The emphasis o f   t h i s  phase o f   t e s t i n g  was exp lo r -  
a t o r y   t o  examine the  problems  that   arose  dur ing  assembly.   Exploratory   in  
t h i s  frame o f   re fe rence  means tak . ing   cor rec t ive   s teps   in   the   p rocedures  t o  
successfu l ly   per form  the  test .  From t h i s   o r i e n t a t i o n ,   t h e   t e s t  was used t o  
examine the  problems  of  mating  and  securing beams and  pane ls   c i ted   in   the  
s tatement   o f  work. 

The de f i n i t i ve   t ask   p rocedures  used fo r   the   pane l -ho ld ing  j i g   e r e c t i o n  
are  presented  in '   Figure 4-4.  The procedures  for  panel  modules  are shown i n  
F igure  4-5. 

Observations on Assembly o f   t he   Pane l -Ho ld ing   J ig  

The j o i n t s  and connect ions  of   the  apparatus  were  loose.  Al though  th is 
arrangement may have ass i s ted   i n   mak ing  any indiv idual   connect ion,  i t  made 
t h e   t o t a l   u n i t   u n s t a b l e   d u r i n g  assembly. The sub jec t  was hampered s ince  the 
u n i t   a l s o  had t o  be used f o r   h i s   m a n i p u l a t i o n  and  support. 

The appara tus   a lso   p roved  opera t iona l   in   the   cargo   t ranspor t   tes ts  and 
l a t e r  as a panel-holding  j ig.  Also,  the  assembly was accomplished  on a  one- 
t r i a l   b a s i s   w i t h   l i t t l e   a s s i s t a n c e   f r o m   t h e   s k i n   d i v e r s .   T o t a l  assembly  time 
was 23 min. Since  there were I O  i nd iv idua l   i tems  to   man ipu la te  and 18 connec- 
t ionsand  reconnect   ions  to  make, the   ove ra l l   t ime  was acceptable.  With  proper 
s i z i n g   o f   t h e   f i t t i n g s  and  in-tank-procedure  development, t h i s   t i m e   c o u l d  
poss ib l y  be cut   by 50 percent. 

The observa t ions   no ted   dur ing   the   tes t   a re   s im i la r   to   those  no ted  for 
the   p rev ious   tes ts .  I f  except ions  exist ,   they  are  those  of   degree  and  not 
o f   k i n d .  

U s i n g   s t r a p   r e s t r a i n t s   e f f e c t i v e l y  depends on ( I )  t h e   s u b j e c t ' s   a b i l i t y  
t o  keep t h e   r e s t r a i n t   t a u t   o r   w i t h  a  minimum  amount o f   f r e e - p l a y   i n  them and 
( 2 )  c o r r e c t   p o s i t i o n i n g  o f  them a t   t h e  work  spot so t ha t   t he   worke r   i s   p re -  
sented  to   the  work  in  a  manner t h a t  he can per fom  the   task .   Th is   i s  elemen- 
t a r y  and a l l  the  subjects   verbal ized  the i r   understanding  o f   the  concept .  
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Figure 4-2 .  Adjustable  Cage  Restraint  and  Cargo 
Module/Panel  Holding  Jig 
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5-41 197 

Figure 4-3, Assembly of  the Panel J i g  
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PANEL  HOLDING J I G  
SUBJECT OBSERVER 

EQUIPMENT 

Tube I . (see 
Flgure 5-2) 

Tub. 2 

Tube 3 

Tube 4 

Tube 5 

P l a t f o r m  6 

P l a t f o r m  7 

Sprlng  and COI lar  
(No.  8 )  

Spr ing and collar 
(No. 9 )  

Tube assembly 10 

REMARKS 

Skln divers  present  assembly  equip- 
ment to subject .  

Subject  reposit ions  from  semiprone 
to   upr igh t   pos i t ion ,   mov ing   and 
a t t a c h i n g   r e s t r a i n t   s t r a p 5  as  necessar 

Both  items 4 and 5 must be lowered we1 

placement o f  the two h o l d i n g   p l a t f o r m s  
in to   t he i r   connec to rs  l o  prov ide for 

Subjec t   repos i t ions   f rom  upr igh t  
p o s i t i o n  to t op   o f  mockup, a t t a c h i n g  
r e s t r a i n t   s t r a p s  a5 necessary. 

o f   j i g   t o  top l e f t  o f   j i g ,   a t t a c h i n g  
Subject  r e p o s i t i o n s  f r m  t o p   r i g h t  

r e ~ t r a i n t   s l r a p s  as  necessary. 

Subject  repos i t i ons   f rom  top   l e f t   o f  
j i g   t u   l e f t   m i d p o i n t   o f   j i g ,   a t t a c h -  
i n g   r e s t r a i n t   s t r a p s  a5 necessary. 

Sub jec t   repos i t ions   f rom  le f t   o f  j i g  
t o   r i g h t  o f  j i g ,   a t t a c h i n g   r e s t r a i n t s  
as  necessary. 

F igure  4-4. Task Sequence f o r  Assembly of  
Panel   Hold ing  J ig  
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I r I I 1 1 
TEST NO. 

ASSEMBLY OF R I G I D  MODULES 
DATE OBSERVER SUBJECT 

- 
2. 

- 
3. 

- 
4. 

7 

5. 

6.  

7. 

8. 

9 .  

I 
TASK SEQUENCE REHARKS EQUIPHENT I , 

Procure f i r s t  panel and p o s i t i o n   i n   j i g .  Panels have guide  pins and holes f o r  Panel I 1 
1 
- 

a l ign ing .  Panels  feed  along tk 

makes at tachent .  
mockup on t r o l   i c y   r a i l .  Skin  diver 

Procure second panel and a l i g n  on panel I and 
activate  captive  fastener. 

A l l  panel  fasteners  are  captive. Panel 2 

Release j i g  tension and sl ide  panel  I to  the   r igh t  
bringing  panel 2 i n t o   p o s i t i o n   i n   j i g .  Engage j i g  
on panel 2. 

Repeat steps 3 and 4 f o r  remaining s i x  panels. Panel 3 through 8 I The f inal   task  of   connect ing  the back 
~ edge of  panel I to   the  f ront  edge o f  

panel 8 will ac tua l l y  be a separate 

pul led  together and held  together 
step,  since  the two surfaces must be 

while  the  fastener i s  being engaged. 

Pull panel I t o  edge o f  panel 8 and hold  together 
w i t h  bungee cord.  Align p i m  and engage fasteners. 

Procure f i r s t  panel   for   top  erect ion.   Al ign  p ins 
and engage fasteners between top and lower  panel. 

Top panel I 

w i d t h   t o   l e f t .  Engage j i g  tension on new pos i t ion .  
Release j i g  tension and s l i d e  module one panel 

Repeat steps 7 and B f o r  remaining s i x  panels. 

act ivate  captive  fastener. 
Top panel 2 Procure second panel  a I ign on panel I ( top 1 and 

Top panels 3 through 8 .  

Figure 4-5. Task Sequence f o r  Assembly o f  R ig id  Mo'dules 



However, none o f   t he   sub jec ts   pe r fo rmed   we l l   w i th   s t rap   res t ra in t s .  The o n l y  
apparent   exp lanat ion   i s   tha t   ad jus tment  was too  troublesome  and  t ime  consuming 
f o r  them.  The sub jec ts   genera l l y  used on ly  one r e s t r a i n t   a t  a t i m e   a t   i t s  
maximum length.  When f u l l y  extended,   the  s t rap  rest ra in t   funct ions  as a t e t h e r  
rather  than  as a r e s t r a i n t .   A l t e r i n g   t h e   r e s t r a i n t s   t o  make them eas i l y   and  
qu ick l y   man ipu la ted   cou ld   poss ib l y  change the  way they   t end   t o  be  used. 

Par t   o f   the  panel -ho ld ing- j ig   assembly  procedure was performed  from  the 
cage res t ra in t   (F igures4-6   and 4-7),. The o n l y  one-handed  tasks  performed  by 
the   sub jec t   i n   t he  cage was t h e   t i g h t e n i n g   o f   t h e  thumbscrew lock ing   dev ices  
at   the  connectors   (see  F igure  4-8) .   Handl ing  o f   the two ad jus tab le   she lves   o f  
the j igs was performed  from  the cage r e s t r a i n t   u s i n g   b o t h  hands i n  an exception- 
a l l y   s a t i s f a c t o r y  manner.  The con t ro l ,   p lacemen t ,   f i t t i ng ,  and  secur ing  o f  
the  panels  were  the  most d i f f i c u l t  and  demanding o f   t h e   j i g   e r e c t i o n   s u b t a s k .  
The d i f f i c u l t y   e n c o u n t e r e d   i n   t h e  one-handed tasks  could,   to a la rge   ex ten t ,  
be avoided  by  two-hand  performance from a s t a b l e  work pos i t ion   (see   F igures  4-9 
through 4- 16). 

A l i s t   o f   t h e  most l i ke ly   s i rnugat ion   events  was  made and a  random s e l e c t i o n  
o f  film was ana lyzed  to   tabu la te   the  number o f  t imes  the  events  occurred,  the 
t ime  dura t ion   o f   events ,   and  the   to ta l   t ime  o f   ac tua l   p roduc t ive  work.  Table 
4-2  summarizes the  events. It shows that   the  t ime  spent   manipulat ing  the  s t rap 
rest ra in ts   a lmost   equals   the  product ive  work  t ime  (see  F igures 4-17 through 
4 -22 ) .   Th i s   i s   espec ia l l y   s ign i f i can t   s ince   on l y  two t raverses were made 
throughout 6 min  and 45  sec of   un inter rupted  per formance shown on the film. 
O f  the 18 events, s i x  were  work  events;  the  other 12 were   suppor t   ac t i v i t ies .  

Observations on the Assembly of   the  Large Module 

The two  ma jor   fau l ts   ex is t ing   w i th   the   assembly   and  e rec t ion   o f   the   la rge  
r i g i d  modules  from  the  previous  tests (NASA Contract  No. NAS 1-5875, NASA 
CR-859) were corrected  for   the  present   s tudy.  The f i r s t  problem,  i.e., p rov id -  
ing   the   necessary   r ig id i ty   to   the   pane ls ,  was accomplished  by  support  wires 
under  turnbuckle  tension  connected from corne r   t o   co rne r  on  the  panel. The 
second  problem,  i .e.,   providing  fasteners  that  secure  the  panels  f i rmly,  are 
e a s i l y   a n d   q u i c k l y  engaged. Assoc ia ted   w i th   the   hardware   a l te ra t ion  was the  
change o f  task  procedures frm the   sub jec t   go ing   t o   t he  work, to   the  work 
be ing   p resented   to   the   sub jec t .  The l a t t e r  was be l ieved  essent ia l   to   app ly   the  
p r i n c i p l e s   i n v o l v e d   r e g a r d i n g   r e s t r a i n t s ,   p o s i t i o n i n g ,   s t a b i l i t y ,  and  work 
p r e s e n t a t i o n   f o r  EVA. 

For th i s   t es t ,   t he   sub jec t   pe r fo rmed   i n   t he  cage r e s t r a i n t ,   t e t h e r i n g  
h i m s e l f   w i t h  a s ing le   ad jus tab le   s t rap   to   the   top   rung  o f   the  cage. This  work 
p o s i t i o n   a l  lowed  the  subject  the  use o f   b o t h  hands t o   p o s i t   i o n  and  engage the 
panels.   Since  the  subject   remained  in a s ta t ionary   work  spot,  each  panel 
assembly was a r e p e t i t i o n   o f   t h e   p r e v i o u s  one, excep t   f o r   t he   d i f f e rence   i n   t he  
fasteners used. Figur'es  4-23  through  4-33 i l l u s t r a t e  a photographic sequence 
o f   t he   sub jec t   p rocu r ing ,   i ns ta l l i ng ,  and fas ten ing  two o f   the   pane ls .  
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F igu re  4-6 .  Overhead  View o f  Sub jec t   S ta r t i ng  Assembly 
o f  Panel   Hold ing  J ig  



F igu re  4-7. S u b j e c t  Working from Cage During  Assembly - d z  3- - -, i IU 3 ' - 1  : ,- r,  I * ,q 



F i g u r e  4 -8 .  S u b j e c t  Making Thumbscrew  Connection 
on J i q  Assembly 



Figure  4-9.  Subject  Working from Cage Making 
Shelf   Alignment  During  Jig Assembly 
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Figure 4-10. Subject  Making  Final  Adjustment of First Shelf 
Ins ta l led   Dur ing   J ig  Assembly 

. .  . .  . 
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F igu re  4 -  I I .  Subject   Making Two-Handed Al ignment of Top Shelf 
of J i g   W h i l e  Working Out o f  Cage. 



Figure 4-12. Subject Posi t ioning Top Shelf b r i n g  Jig  Assembly 





Figure 4-14. Subject  Making Second Spring  Connection  During  Jig Assembly 



Figure  4-15.  Subject  Making Shelf Adjustment of Assembled J i g  



Figure 4-16. Subject   T ightening  Shel f   in   P lace  as  F ina l  Assembly Act o f   J i g   E r e c t i o n  



F i g u r e  4-17. Sub jec t   P lac ing  Top Support f o r  Panel   Hold ing  J ig ;  
\,-,,-,n e ; -  r=  Y = . -  - ,=  - 1-13 unclku:, Surface 



Figure 4-18. Subject   Inser t ing Top Support I n t o   F i t t i n g  
During  Panel  Holding  Jig Assembly 





Figure 4-20. Subject  Making  Strap  Restraint 
Connect ion on Mockup Surface 





Figure 4-22. Subject  Traversing  to New Posit ion  During  J ig Assembly 





Figure  4-24.  S u b j e c t   T a k i n g  F i r s t  P a n e l  From Transport  R a i l  
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F igu re  4-25. Sub jec t   Pos i t i on ing   Pane l   f o r   P lacemen t   i n   Pane l   Ho ld , i ng   J ig  



Figure 4-26. Subject  Starting  Panel  Placement  in  Jig 



Fiaure  4-27. Subject   Posit ioninq  Panel   in   J ic 



Figure  4-28. Subject   P lac ing  Panel   in   J ig   for   Connect ing  the 
Second Panel t o  i t s  Edae 



Figure 4-29. Subject Procuring Second Panel 



Figure  4-30. Subject  Positioning  Panel t o  Panel  Held i n  J i g  



Figure  4-31. Subject F i t t i n g  A I  ignrnent Pins of Panel 5 t o  Panel 6 





Figure 4 - 3 3 .  Subject  Locking Top Fastener of Connected  Panels 



TABLE 4-2 

TOTAL ACTIVITY TIMES FROM FILM OF J I G  ASSEMBLY 

A c t i v i t i e s  

Restraint  manipulat ion 

Two-handed work 

One-handed work  (second hand 
used fo r   pos i t i on ing )  

F loa t ing   (ou t   o f   con t ro l ,  i .e.  , l o s t  
i on  and  cannot r e s t r a i n t  connect 

reach mockup) 

Inspect ing work ( 
work but  studying 

i n   p o s i t i o n   t o  
task) 

Vision  problem ( t r y   t o  work but  
fa  i 1 ing because subject  cannot 
see the  task) 

F loat ing - two-hand work 

F1 oat  ing - one-hand work 

Traversing  (going  from one work 
spot t o  the  next) 

Pos i t i on ing   (a t  work  spot  but 
manipulat ing  to  get a b e t t e r  
posi t   ion  for   task  performance) 

Rega in ing   pos i t ion   (a t   pos i t ion  
then  lost  it and had to   ge t  
back i n  pos i t ion) 

TOTAL 

Number o f  Events  and Time, sec 

None 

None 

31 

92 

None 

IO, I I 

23, IO 

13 

18 

Total  , sec 
~~ 

I68 

42 

41 

0 

0 

31 

I03 

0 

21 

33 

13 

452 

Work  Time, sec 

42 

41 

I03 

186 



During  the assembly,  the sub jec t  had c o n t r o l   d i f f i c u l t y   r e s u l t i n g  from a 
f a i l u r e   t o  keep t h e   s t r a p   t e t h e r   s u f f i c i e n t l y   s h o r t  so t h a t  when  he stood 
up i n   t h e  cage he wou ld   l oad   t he   res t ra in t  and  consequently assume a s t a b l e  
pos i t ion .   Ins tead,   the   sub jec t   wou ld   tend  to   ho ld   the   des i red   pos i t ion   by  
e n g a g i n g   h i s   f e e t   o r   l e g s   i n  and  around  the cage s t ruc tu re .  Such p o s i t i o n i n g  
was u s u a l l y   s t a b l e   a n d   e f f e c t i v e   f o r   t h e   t a s k s  a1 though i t  requi   red  consider-  
a b l y  more e f f o r t   t h a n  a pos i t i on   ma in ta ined   by   exe r t i ng   l eg   p ressu re   aga ins t  
a s t r a p   r e s t r a i n t .  The s o l u t i o n  i s  t o   p r o v i d e  a s t r a p   r e s t r a i n t   t h a t   i s  easy 
to   manipulate.  

The overa l l   task   per fo rmance  fo r   the  assembly o f   t h e   f i r s t   c i r c u l a r  
module was successful.  

The second c i r c u l a r  module,  however,  posed some problem due to   t he   des ign  
o f   t h e  j ig .  The o v e r a l l   l e n g t h  o f  the j i g  would  not accommodate bo th   the   top  
and bottom  panels  mounted one  on top   o f   the   o ther .  The procedures  were 
preestabl ished  to   ho ld  on ly   the  bot tom module a f t e r   e r e c t i o n  and then   t o  mount 
the   top   pane ls   d i rec t l y   to   the   comple ted   lower  module. By turni.ng  the  lower 
module i n   t he   reve rse   d i rec t i on  so that   the  top mounted  panels  would move  away 
from the j i g   r a t h e r   t h a n   t h r o u g h  it, the  top  could be  assembled, w i t h   t h e  
excep t ion   o f   t he   f i na l   pane l .  It was p lanned   tha t   a t   t h i s   p lace   i n   t he   p ro -  
cedure,  the t o t a l  module  would be secured t o   t h e  mockup by  tension  devices, 
and the  top  shel f  o f  the  removed j i g  would  a l low  the  p lacement   o f   the  f ina l  
panel. 

I n  conduct ing  the  test ,   the f i r s t  top  panel was mounted  and  secured; the  
second was p l a c e d   i n   p o s i t i o n .  A t  t h i s   t ime  it- was found  that  by tu rn ing   the  
module away from the  j ig ,   the  subject   could  no  longer   reach  the  panel   fasteners.  
Consequent ly,   test ing was discontinued. Two so lu t ions   to   the   p rob lem were 
( I )  t o  produce new e x t e n s i o n s   f o r   t h e   u p r i g h t   p o r t i o n   o f   t h e   j i g  and increase 
i t s  opening  between  the  shelves  which  would  provide  the  holding  capabil i ty  for 
two panels a t  a time,  and ( 2 )  t o  a1 low  the  subject   to  move to  the  work  spot  by 
leav ing   the  cage and t o   p r o v i d e  a s imp le   s t rap   res t ra in t   f o r   secu r ing   h imse l f  
to   the  module  as he  moved about it. These a l t e r n a t i v e s  were re jec ted   s ince  i t  
had a1 ready been demonstrated  in  the f i r s t  EVA s tudy   tha t  such an approach d i d  
n o t   f u n c t i o n   f o r  EVA s imu la t ion  and  also, i n   t h e  case o f   t h e  f i r s t  a l t e r n a t i v e ,  
because of  the t i m e  requ i red  and i t s  delay  to  the  program. I n   a d d i t i o n ,   t h e  
f i r s t  module  assembly  establ  ished  that  the j ig-hold ing  erect ion  procedure was 
a s a t i s f a c t o r y  means o f  assembl i n g   . t h e   f i r s t  module  and  thus  the  second module, 
if the j i g  was m o d i f i e d   t o  accommodate it. 

Observations  on  Fasteners 

Several  fasteners were selected  and mounted  on  the  panels to   rep lace   t he  
cap t i ve   nu ts  and loose   bo l t s  used in   the  prev ious  s tudy.  The s e l e c t i o n  was 
made KO minimize  the need f o r   t o o l s   t o  engage the  fasteners and,  when t o o l s  
a re   requ i red ,   to  reduce  the  torquing  requi rement   for   repeated  lever ing  acts .  

The fas teners   cons idered  a re   l i s ted   in   Tab le  4 - 3 .  The t a b l e   i s  coded i n  
F igures 4-34 and 4-35 which show the   fas teners   se lec ted   fo r   the   tes t .  The 
f a s t e n e r s   n o t   i l l u s t r a t e d  were re jec ted  as n o t   a p p l i c a b l e   t o   t h e   t e s t   s i t u a t i o n .  

90 



F-9478 

Figure 4-34. Fasteners Used on Panels 
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F-9480 

Figure 4-35. Fasteners  Used on Panels  
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Code 

I +b 

2 

~ ~~ 

3 

4 

5" 

6 

7 

8 *+ 
One 
Uni li 

One 
U n i t  

One 
l o  U n i t  

___ ". 

TABLE 4 - 3  

FASTENERS  CONSIDERED  FOR  LARGE  MODULE 

Q u a n t i t y  

12 

12 

12 

12 

12 

12 

12 

12 I I 2  

I :: 
:: 

-~ . " - 

P a r t  Number 

No. 3 

N.A. 

No. 2 

N.A. 

NO. 4- 1/2 

N. A. 

9152 - RWD 

I19 - I B A  

9 153- I 

37L I 1-4 

37L 14- I 

5 IL5- IAA 

5 lL8-  IAAA 

" 

Par t  Name 

Snaps1 ide  fastener  
. -  

Roto- 1 ock 

L i n k - l o c k  

Dual-lock 

Clamp-lock 

Cam-bo1 t 

Stud  assembly 

Recep t a c  1 e 

Washer, r e t a i n i n g  

Handle  assembly 

Hook 

Latch  assembly 

Hook 

Cmpa  ny 

Dimco-Gray Co. 

Simmons Fastener 
co. 

Simmons Fastener 
co. 

Simmons Fastener 
co. 

Simmons Fastener 
co. 

Simmons Fastener 
co. 

Camloc Fastener 
Co rp. 

Camloc Fastener 
Corp. 

Camloc Fastener 
Corp. 

Cam 1 oc Fa s tene r 
Corp. 

Carnloc Fastener 
Co rp. 

Camloc Fastener 
Co rp. 

Carnloc Fastener 
Corp. 

4I.Not used i n   t e s t  
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A1 1 f as tene rs   t es ted   pe r fo rmed   sa t i s fac to r i l y   excep t  Simnons Roto- lock 
(Code No. 2 ) .  The r o t o - l o c k   a s   i n s t a l l e d  was tu rned 90 deg to  engage b u t  d i d  
n o t  have a s t o p   a t   t h i s   p o i n t   a n d   c o u l d  be turned  on  past  the  engaging  point ,  
i.e., 180 deg  which  disengaged  the  fasteners. The f i r s t  t ime  the  subject   used 
th i s   f as tene r ,  he turned it p a s t   t h e   l o c k i n g   p o s i t i o n   a n d   t h e ' f a s t e n i n g   f a i l e d .  
T h i s   f a u l t   i s   p r o b a b l y  due to  an i n a p p r o p r i a t e   u s e   o r   i n s t a l l a t i o n  o f  t h e   f a s t -  
e n e r   r a t h e r   t h a n   t o   d e s i g n   f a u l t   o f   t h e   f a s t e n e r   i t s e l f .  No o t h e r   f a i l u r e s  
happened w i t h   t h i s   f a s t e n e r   a f t e r   t h e   s u b j e c t  was i n s t r u c t e d   t o   t u r n   t h e  
engaging  wrench  only 90 deg. 

Fas teners   requ i   r i ng   t oo l s   t o  engage  them requ i red  more o v e r a l l   t i m e   t o  
lock   than  the   fas teners   tha t  were  manipulated  by hand. The d i f f e r e n c e   i n   t i m e  
i s  n o t   r e f l e c t e d   i n   t h e   f a s t e n e r   b u t   i n   t h e   t i m e   r e q u i r e d   t o   s t o r e   a n d   o b t a i n  
t h e   t o o l   t o  engage the  fastener .  

One conclusion  concerning  the  fasteners i s  tha t   qu ick -ac t ing   fas teners   a re  
advantageous f o r  EVA f rom  both a time  and  an  energy  cost when compared to nu t  
and  bo1 t fasten ing.  

The a p p l i c a b i l i t y   o f   t h e   f a s t e n e r s   t e s t e d   t o   a c t u a l  EVA assembly  and 
erec t ion   must  be  one o f   ana lys i s   o f   t he   f as tene r  needed f o r   s p e c i f i c  EVA hard- 
ware. For   ac tua l  EVA assembly, the  ind iv idual   fasten ing  requi rement  will have 
t o  be known and  then a fas tene r   se lec ted   and   emp i r i ca l l y   t es ted   f o r  EVA 
appl   icat   ion.  

Phys io log ic   Observat ion 

The r e s u l t s   o f   t h e   p h y s i o l o g i c  measurements f o r   t h e s e   e x p l o r a t o r y   t e s t s  
a re  shown in   F igures  4-36 through 4-38. The f o r m a t   o f   t h e   p r e s e n t a t i o n   i s  
i d e n t i c a l   t o   t h a t  used fo r   t he   exp lo ra to ry   ca rgo   t ranspor t   t ask .   Tes t  516 
(F igure  4 - 3 6 )  d e p i c t s   t h e   r e s u l t s   o f   t h e   j i g   a s s e m b l y   t e s t s  used for  s tudy ing  
the  problems  associated  wi th  the  mat ing  and  secur ing  of  beams. Test 525 
( F i g u r e  4-37)  and Test 528 (F igure  4 - 3 8 )  g ive   t he   resu l t s   ob ta ined   du r ing   t he  
mat ing  and  secur ing o f  modules  and  panels. 

The sub jec t  who performed  the j i g  assembly task   exh ib i t ed   t he   h ighes t  
metabol i c   ra tes   no ted   du r ing  any o f   t h e   t e s t s .  The peak  value  noted was 
approximately 18 kcal   per  min (4200 B t u   p e r   h r )   w i t h  a h e a r t   r a t e   o f  165 beats 
per  min. The h igh   ra tes   no ted  were probably  due t o  performance o f  the  tasks 
w i thou t   p r i o r   expe r ience  and t o   t h e   f l e x i b i l i t y   o f   t h e   s t r u c t u r e   w h i c h  hampered 
the   sub jec t   i n   ga in ing   adequa te   suppor t   and   i n   h i s   ab i l i t y  to  manipulate  the 
p a r t s   o f   t h e   s t r u c t u r e .  

These r e s u l t s  emphasize  the  need for  t r a i n i n g   t o   p e r f o r m   a n y   t a s k   e i t h e r  
i n   n e u t r a l  buoyancy or   in   we igh t lessness .  A hand- to-hand  analys is   o f   the  task 
and t r a i n i n g   w o u l d   r e s u l t   i n   t h e   s u b j e c t   p a c i n g   h i s   e f f o r t s   t o   t h e   w o r k   t a s k  
and  wou ld   min imize   the   w ide   excurs ions   in   metabo l ic   cos t   as   exh ib i ted   by   th is  
t e s t .  The  human engineer ing  observat ions made d u r i n g   t h i s   t e s t   c l e a r l y   s u p p o r t  
the  above  statements. A s  the   no ta t ions   ind ica te ,   improper   use   o f   the   res t ra in t  
systems  undoubtedly  added t o   t h e  peak me tabo l i c   l oads   e i t he r   by   no t   p rov id ing  
the   reac t ive   fo rces  needed by   t he '   sub jec t   ( s t raps  too 1 oose) or  by   no t  
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Figure 4-36. Physiologic  Data fo r  t h e   J i g  Assembly 'Test (516) Used f o r  
Studying  Mat ing and Securing o f  Beams 
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Figure  4-37. Physiologic  Data fo r  Test 525, 
Mating  'and  Securing Beams 
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ad jus t i ng   t he   s t raps  so tha t   the   sub jec t   per fo rmed  work   ou ts ide   h is  optimum 
reach  envelope,  working  against  the  restraints. 

During  the  large  module  assembly  tasks  (Figures 4-37 and 4-38), each 
sub jec t   t ended   to   pace   h i s   work   e f fo r t   be t te r  and, w i t h  one exception,  operated 
a t   m e t a b o l i c   r a t e s   o f   l e s s   t h a n  8.5 kcal   per   min (1500 Btu   pe r   h r ) .   I n   eve ry  
case  where the  metabol ic   ra tes were re la t i ve l y   i nc reased ,   t he   sub jec ts  used 
t h e i r   r e s t r a i n t  systems  improper ly,   and  the  actual   loss  of   the  react ive  force 
f i e l d   g a i n e d   t h r o u g h   t h e   r e s t r a i n t s   w h i l e   p e r f o r m i n g  one-handed  tasks,  holding 
a p o s i t i o n   w i t h   t h e   o t h e r  hand  and f r e e   f l o a t i n g   i n   t h e   l o w e r   t o r s o .  

No unusual   f indings were  noted i n   t he   o the r   phys io log i c   da ta .  

EXPLORATORY CARGO TRANSPORT 

The exp lo ra to ry   cargo   t ranspor t  t e s t s  emphasized ge t t i ng   ob jec ts   f rom one 
secure   pos i t ion   to   another .  O f  p r imary   cons idera t ion   fo r   these  tes ts  was the 
associated  hardware  to make the  task  funct ional  and to   con t ro l   the   task .  

Ant ic ipa ted   p rob lem  a reas   g iven   spec i f i c   a t ten t ion   f rom  the  man/machine 
o r i e n t a t i o n  were 

0 Subject  locomotion a ids 

Cargo t e t h e r i n g  

0 Mass and  volume o f   ca rgo  packages 

Cargo  modules o f   v a r y i n g  s i z e s  and masses were cons t ruc ted   f o r  use  as 
t e s t   a r t i c l e s .  The masses of  the  cargo  modules were I, 5, and 15 slugs;  the 
volumes were  8, 40, and 120 cu f t .  

These  masses and  volumes  provided a t o t a l   o f   n i n e   m o d u l e   c o n f i g u r a t i o n s .  
F igure 4-39 i l l u s t r a t e s   t y p i c a l   c a r g o  modules. The po ten t i a l   t es ts   cons ide red  
are   dep ic ted   in   Tab le  4-4. The actual   tests   conducted  dur ing  the  exploratory  
tes t i ng   a re   des igna ted   by  X; P represents  the p i   l o t   t e s t s  conducted. 

Procedures  and  Test  Apparatus 

The test   procedures were e s t a b l i s h e d   i n   p a r t   b y  use o f   e x i s t i n g  hardware 
and  the need t o  reduce  the  potent ia l  200 compara t ive   tes ts   requ i red   to  examine 
each t e s t   c o n d i t i o n   i n d i v i d u a l l y .  

The t e s t s  were d i rec ted   toward   iden t i f y ing   and  tes t ing   p rob lems as they 
arose  dur ing   the   exp lo ra to ry   tes ts .   Po ten t ia l   so lu t ions   o f  a procedural 
nature were s t r u c t u r e d   i n t o   t h e   t e s t   s i t u a t i o n s   a n d   e m p i r i c a l l y  examined. I n  
t h i s  manner, actua l   observat ions,   ins ights ,  recommendations,  and conclusions 
resu l ted  from the  tests .  
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TABLE 4-4 

CARGO TRANSPORT  TESTS 

Pi l o t  and Exploratory  Tests 

Sub jec t   on   s t rap   res t ra in t   connected   to   t ro l ley  
t r u c k   i n   r a i l .  Handle  rounted  f lush  on  cargo. 
Cargo free.  Subject   t raverses  rai  1 pushing 
carqo ahead o f   h imse l f .  

Cargo  Module Conf igurat ions 

Volume, cu f t  8 8 8 40  40 10 I20 120 I20 

Mass, s lugs I 5 15 I 5  15 I 5  15 

P X P 

Same cond i t ion  as  above w i t h   s u b j e c t   p u l l   i n g   t h e  
x x  cargo  behi  nd  himsel f. 
P X X P  x x x  

Subjec t   on   s t rap   res t ra in t   connected   to   t ro l   ley  P X 
t r u c k   i n   r a i  1. Telescoping  handle  mounted  to X X 
cargo module.  Cargo free. Cargo  module p u l l e d  
by  subject .  

Sub jec t   on   s t rap   res t ra in t   connected   to   t ro l ley  P X 
t r u c k   i n   r a i  1 .  R i g i d   t r o l l e y  assembly on cargo. 
Cargo  module pu l led   by   sub jec t .  

Same c o n d i t i o n  as above except  the  subject  push- 
ing  the  cargo module  ahead o f   h i m s e l f .  

P 

Subjec t   on   s t rap   res t ra in t   connected   to   t ro l   ley  x x  x x x 
t r u c k   i n   r a i  1 .  Cargo  module a t tached   to  sub- 
j e c t s  backpack w i  t h   s p e c i a l  harness. 

Sub jec t   on   s t rap   res t ra in t   connected   to   t ro l ley  
t r u c k   i n   r a i  1. Flush  handle and forearm  handle 
mounted to   cargo module. S u b j e c t   p u l l  i ng  cargo 
behind  himsel f .  

x x x x  

Same c o n d i t i o n  as above except  the  subject pushes 
the  cargo module  ahead o f   h i m s e l f .  

X 

P P i  l o t  
x Exploratory  



The t a s k   r e q u i r e d   t h e   s u b j e c t .   t o   t r a v e r s e   w i t h   t h e   c a r g o  modules a long a 
r a i l   s t r u c t u r e  14 f t  i n   d i a m e t e r .   I n   a d d i t i o n   t o   t h e   i a i l  system i l l u s t r a t e d  
i n   F i g u r e  4-1, the  largest  module volume was manipulated  along a s t r a i g h t   p i p e  
r a i l   p l a c e d   a c r o s s   t h e   t a n k   i n t e r i o r .   T e s t s  were c lso   conducted   w i th   var ious  
handles  and a backpack  adapter i l l u s t r a t e d   i n   F i g u r e  4-40. Item I i s  the 
backpack  adapter;  Item 2, a telescoping  handle;  and  I tem 3, var ious   f i xed-  
length  handles.  

The sur face   o f   the   cargo  modu!es was covered  wi th  hardware  c loth.   This 
addi t ional   sur face  area  created 'a   drag  problem  considerably   greater   than  ant i -  
c ipated.  Skin  d ivers  exper imentedlwi th  the  130-cu-f t   module  by  manipulat ing 
the  module  during  and  fol lowing  newtral-buoyancy  adjustments;  these  experiments 
showed tha t   t he   d rag   resu l t i ng   f rom  the  added  screen  wi re  to   the module sur face 
would  ser ious ly  hamper the  s imulat ion  technique. Based on t h e   d i f f i c u l t i e s   o f  
the   p ressure-su i ted   sub jec t   in   man ipu la t ing   the   40-cu- f t  module du r ing   t he  
p i   l o t   t e s t s ,  i t  became apparent   tha t   the   d rag   e f fec t   o f   the   120-cu- f t  module 
would be too   g rea t   fo r   the   sub jec t   to   hand le .  Consequently,  the  screen  wire 
was removed from the  120-cu-ft  module fo r   the   cargo   t ranspor t   tes t .  

Observations 

The observat ions made r e l a t i v e   t o  each t e s t  cond i t i on   a re  summarized 
be l  ow. 

Test  ser ies 'I 

I .  Condit ions.--The  subject was connected  by a s t r a p   r e s t r a i n t   t o   t h e  
t r o l l e y   t r u c k   i n   t h e   c i r c u l a r   r a i l .  The handle was mounted f l u s h  on the  cargo; 
the  cargo  module was f ree .  The sub jec t   t raversed  a long  the   ra i l   push ing   the  
cargo ahead o f  him. 

The t e s t  performed  comprised  the  fol lowing: 

0 P i l o t  runs  using  cargo  modules  with an 8 - c u - f t  volume  and I - s l u g  
mass and a 40-cu- f t  volume and  5-slug mass 

0 . Exploratory  runs  using  cargo  modules  wi th  an  8-cu-f t  volume  and 
I - s l u g  mass and  an  8-cu-f t  volume and  15-slug mass 

2. Observations.--Pushing  the module whi le   the  subject  i s  f r e e  and  unre- 
strained and t rave rs ing  a s i n g l e   r a i l   l o c o m o t i o n   a i d  i s  not  a s a t i s f a c t o r y  means 
o f  moving  cargo  in  underwater  simulat ion. The sub jec t  has d i f f i c u l t y   i n  
contro ' l l   ing  the module  and  himself.   Also,  there  is  too much drag t o  get a 
good simulation.  Pushing  modules  as a means o f   t r a n s p o r t  was d i scon t inued   fo r  
the  remain ing  tests ,   except   for  t e s t s  5 and  8. 

T e s t  ser ies  2. 

I .  Condit ions--The  subject was connected  by a s t r a p   r e s t r a i n t   t o   t h e  
t r o l l e y   t r u c k   i n   t h e   r a i l .  The handle was mounted f lush   on   the  cargo,  and the  
cargo  module was f ree.  The sub jec t   t rave rsed   t he   ra i l   pu l l i ng   t he   ca rgo   beh ind  
h im. 
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The f o l l o w i n g   t e s t s  were  performed: 

P i l o t  runs  wi th   ' the  fo l lowing  cargo module con f igu ra t i ons :  

8 - c u - f t  volume  and I - s l u g  mass 

4 -cu - f t  volume  and 5-s lug  mass 

0 Exp lora tory   runs   w i th   the   fo l low ing   cargo  module conf igura t ions :  

8 - c u - f t  volume  and I - s l u g  mass 

8 - c u - f t  volume and  5-s lug mass 

8-cu- f t  volume  and  15-slug mass 

40-cu- f t  volume and  I -s lug mass 

120-cu-ft  volume  and I - s l u q  mass 

120-cu-ft  volume  and 5-s lug  qass 

120-cu-ft  volume  and 15-slug mass 

2. Observat ions. - -Pul l ing  the module wh i le   the   sub jec t  i s  f r ee  and 
unres t ra ined  and  t ravers ing  a s i n g l e   r a i l   l o c o m o t i o n   a i d  i s  much more s a t i s -  
factory  than  pushing  the module. The drag  e f fect   produces a d i f f e r e n t   c o n t r o l  
problem  than  that   found  in  pushing  the module. Volumes and masses i n   t h e  
comb ina t ions   t es ted   a l l   p roved   t o  be too  unwie ldy  to   prov ide  adequate  cont ro l .  
A l l  hand1 ing  and man ipu la t ion  on t h e   r a i l   o r  on the module  were  border1  ine 
tasks when considered from a contro l   aspect .  One-hand cargo  manipulat ion  and 
one-hand locomot ion  wi th   cargo  are  not  recommended. For   p lac ing   o r   secur ing  
ca rgo ,   pos i t i on ing   i n  a secure   res t ra in t  i s  requi red  for   the  subject ,   i .e . ,  
dutch shoes,  cage, o r   s i m i l a r   s t a b i l i t y .  

The cargo package, 8 - c u - f t  volume  and I - s l u g  mass, i s  i l l u s t r a t e d   i n  
Figures  4-41  through  4-46. The cargo  package,  8-cu-ft volume  and 5-s lug mass, 
i s  i l l u s t r a t e d   i n   F i q u r e s  4-47 throuqh  4 . j2 .  The cargo  package,8-cu-ft volume 
and  15-slug mass, i s - i l l u s t r a t e d   i n   F i g u r e s  4-53 til 

The cargo package, 40-cu- f t  volume  and I - s l u g  
Figures  4-56  and  4-57. The cargo package, 40-cu- f t  
i s   i l l u s t r a t e d   i n   F i g u r e s  4-58 through 4-60. 

The three  runs  conducted  with  the  120-cu-ft  vo 
wi th   the   hardware   c lo th  removed from  the  module  and 

ough  4-55. 

mass, i s  i l l u s t r a t e d   i n  
volume  and 5-s;ug mass, 

ume package  were  performed 
w i th   t he   hand le   l oca ted   a t  

the  top edge and  end o f   t h e  package.  Since  the  package was so l a rge  and  the 
tank  diameter 1 imited,  the  panel  module  and  the t r o l l e y   r a i l  were removed from 
the  tank. A p ipe  was p laced   i n   t he   t ank  and  connected  on  the  ladders  on  either 
s ide   o f   t he   poo l ;   r i ngs  were p laced on t he   p ipe   t o   connec t   res t ra in t s   t o   t he  
large  cargo  module  for   te ther ing.  The man ipu la t i on   o f   t he  module was t o  
f o l l o w   t h e   p r o c e d u r e   i l l u s t r a t e d   i n   F i g u r e  4-61. It was a n t i c i p a t e d   t h a t  means 
o f   s e c u r i n g   t h e  package t o   t h e   r a i l   w o u l d  be required.  Several   special   provi-  
sions,  such  as r i g i d   r i n g   s u p p o r t s   t o  be a t tached  a t   bo th   ends .o f   the   cargo  
package,  were  planned;  however,  they  were  not  required. Removal o f   the   sc reen 
w i re   w i th   t he   resu l t i ng   reduc t i on   i n   d rag   coup led   w i th  a s t r a i g h t - l i n e   t r a v e r s e  
a long   t he   p ipe  made i t  p o s s i b l e   f o r   t h e   s u b j e c t   t o  move the  large  module  wi th 
any t e s t  mass (see  Figures  4-62  through  4-64). 
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F igu re  4-41. Sub jec t   W i th   I -S lug  Mass and 8 - c u - f t  Package, M a n i p u l a t i n g  
Cargo w i t h  One Hand as He Moves Along  Locomot ion  Rai l .  
Traverse i s  from l e f t   t o   r i g h t  



Figure  4-42. S u b j e c t   S t a b i l i z i n g   J u s t   P r i o r  t o  Reaching Out f o r  New Hand 
P o s i t i o n   t o  P u l l  Self   and Package Along  Rai l  
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-. - I -  -,p L . - L . ~ ,  I"n-1"-,11,at,ion o f  5-Sluc  and  8-cu-ft Package Traverse,  Just  Before 



F igu re  4 - 4 4 .  Subject   With Package i n   R i g h t  Hand Fol   lowing Changeover  and 
S t a r t i n g   R e t u r n   T r i p   U s i n g   t h e   L e f t  Hand t o  P u l l  on R a i l  
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Figure 4 - 4 6 .  Continuation of 5-Slug and 8-cu-f t  Package  Return  Traverse 



F igu re  4-47. Subject  Removing  Cargo  Module From Stowed P o s i t i o n   a n d  
S t a r t i n g   T r a v e r s e  



Figure 4 - 4 8 .  Cargo  Module Clear ing  Holder  as Sub jec t  Pulls w i t h  One Hand 
on Locomotion Ra i 1 



F i g u r e  4 - 4 9 .  Subject   Moving Package  Above R a i l   t o  Change to  Left Hand 
fo r  S towing   in  Cargo Holder 



Figure 4-50. Subject  Guiding Package t o  Holder f o r  Stowing 



Figure 4-51. Subject  Pushing  Module Into   Holder  to Complete  Cargo 
Transport Run 



Figure 4-52. Subject   Or iented  Para l le l  t o  R a i l  Using Short,  Quick  Pulls 
to  Traverse.  8-cu-ft  Volume, 5-Slug Mass. 



Figure  4-53. Cargo Transport  With  15-Slug  Mass,B-cu-ft Volume Package; 
Note  Subject's  Foot  on  Module f o r  Second Point   of   Contact  



Figure 4-54. 15-Slug Mass,  8-cu-ft  Volume Showing Use of Forearm Handle 



Figure 4-55.  Sequence Photograph Fol lowing  Figure 4-54, Showing the 
Subject  Moving the 15-Slug Mass w i t h   t h e  Two-Handle 
Conf iqurat   ion 



Figure  4-56.  Positioning  40-cu-ft  Package in Cargo  Module  Holder 



F igu re  4-57. Subject  K i c k i n g   a t  Module  With  Left  Foot  (Not  Showing) 
t o  Make F i n a l   P o s i t i o n i n g   i n  Cargo  Holder 



Figure  4-58. Return  Traverse w i t h  40 -cu - f t  Volume and 5-Slug Mass 



;ic'ure 4-59. Subiect   Reachinq  to   Free  St rap  Tether   At tached  to   Locomot ion  Rai l  
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C O N D I T I O N :  PACKAGE FREE,   SUBJECT ON STRAP  RESTRAINT  CONNECTED TO R I N G  ON POLE.  

TASK 

MOVE  PACKAGE  FROM P O S I T I O N  I THROUGH P O S l T l O N  8 
MOVE  PACKAGE  FROM P O S I T I O N  8 T H R O U G H   P O S I T I O N  I 

SUBJECT TO US€ FRAMEWORK  FOR  HANDLES I F  E X P E D I E N T ,  

F i g u r e  4-61. C a r g o   T r a n s p o r t ,  120 cu f t  
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Figure 4-62. Subject  Moving  120-cu-ft  Volume  with I-Slug Mass  Module 



F igu re  4-63.  Sub jec t   K i ck ing   Modu le   t o   A l i gn  It Dur ing  Traverse 



Figure  4-64. Subject   Turning  120-cu-f t   Module  for   Return T r i p  Along R a i l  



. . 
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Figure 4-67. Last  Photograph i n  Sequence, Depict ing Use o f  Extended 
Handle on Cargo  Module 



0 P i  l o t  run w i th  an 8 -cu - f t  volume  and I - s l u g  mass package 

0 Exp lora tory   runs   w i th   the   fo l low ing   packages:  

8 -cu- f t  volume  and I - s l u g  mass 

40-cu- f t  volume  and 5-s lug  mass 

2. Observa t ions . - -Tro l ley   t ruck   assembl ies   tha t   func t ioned  a t  I g were 
no t   app l i cab le   t o   mov ing   neu t ra l l y   buoyan t   ca rgo  packages.  Apparently,  the  lack 
o f  constant  tension  on  the  t ruck  wheels  a l lowed enough " p l a y "   t o  cause them t o  
b i n d   i n   t h e   r a i l .   T e f l o n   s l i d e s  were s u b s t i t u t e d   f o r   t h e   t r o l l e y   t r u c k s ;  
a l though  usable,   they  could  not   prov ide as f r e e  a f l o w   o f   o b j e c t s   a l o n g   t h e   r a i l  
as was desi  red.  Unfortunately, l i t t l e  can  be sa id   about   the   success   o r   fa i lu re  
o f   t he   concep t   w i thou t   t he   use   o f   f unc t i ona l   ha rdware   i n   t he   obse rva t i on   wh ich  
l e a d s   d i r e c t l y   t o   t h e  recommendation o f  hardware  design,even i n   e x p l o r a t o r y   p r o -  
grams. 

Moving  cargo i n  space  by t r o l l e y   t r u c k  and ra i l   wou ld   p rov ide   t he   necessa ry  
c o n t r o l   t h a t   i s   l a c k i n g  when the  subject  manually  grasps  cargo  packages. A 
double  ra i  1 sys tem  shou ld   p rov ide   essent ia l l y  a1 1 the   con t ro l   necessary   fo r   bo th  
the   as t ronaut  and the  cargo; i t  i s   s t r o n g l y  recommended tha t   th is   concept   be  
consi  dered i n  fu tu re   s tud ies .  

T e s t   s e r i  es 5 

I .  Condi t ions. - -The  subject  was connected by a s t r a p   r e s t r a i n t   t o   t h e  
t r o l l e y   t r u c k   i n   t h e   r a i  1 .  A r i g i d   t r o l l e y  assembly i s  on the  cargo,  and  the 
cargo  module i s  pushed  by  the  subject. A p i   l o t   t e s t   r u n  was per formed  wi th  an 
8 -cu - f t  volume  and I-slug-mass  package. 

2 .  Observations.--So much d i f f i c u l t y  was encountered i n   a t t e m p t i n g   t o  push 
the  modules  around  the  rai 1 t h a t  no f u r t h e r   t e s t s  were  conducted i n   t h i s   t e s t  
mode. Pushing  the  mdule  on a h i g h l y   f u n c t i o n a l   t r o l l e y   s y s t e m   m i g h t   p r o v e  more 
f e a s i b l e   b u t  may be undesirable.   Control  becomes  a problem when f o r c e   i s   a p p l i e d  
a t   t h e   r e a r   o f  a f r e e   o r  semi -free  cargo  module. It appears t h a t   t h e  numerous 
r e s t r i c t i o n s   a s s o c i a t e d   w i t h   t h e   p r e s s u r e   s u i t   a l s o  hamper the   sub jec t  when push- 
i n g  as compared t o   t h e  same work when p u l l   i n g .  

Tes t   se r ies  6 

1 .  Condi t ions.--The  subject   is   connected  by a s t r a p   r e s t r a i n t   t o   t h e   t r o l l e y  
t r u c k   i n   t h e   r a i l .  The cargo  module i s   a t t a c h e d   t o   t h e   s u b j e c t ' s   b a c k   w i t h  a 
speci a1 backpack  harness. 

No p i   l o t   t e s t  runs  were  conducted i n   t h i s   t e s t   s e r i e s .  The exp lo ra to ry  
tests  performed  used  the  fol lowing  packages: 

8 -cu- f t  volume  and I - s lug  mass 

8 -cu - f t  volume  and 5-slug mass 
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8-cu - f t  volume  and I 5-s l  ug mass 

40-cu- f t  volume  and I -s lug  mass 

40-cu- f t  volume  and 5-SI ug mass 

2. Observations.--Attaching  the  cargo  modules  to  the  backpack was the 
most  funct ional  mode o f   t ranspor t i ng   t he   ca rgo  modules. The success o f   t h i s  
mode i s   a t t r i b u t e d   m a i n l y   t o  two f a c t o r s :  ( I )  the   sub jec t  had bo th  hands a v a i l -  
a b l e   t o  use fo r   t rave rs ing ,  and ( 2 )  the   sub jec t  had o n l y  one mass t o   c o n t r o l  
because, w i t h   t h e  module a t t a c h e d   t o   h i s  back, the   sub jec t  and the module a re  
e s s e n t i a l l y  one u n i t .  (See  Figures  4-68  through 4-71 .) 

The s u b j e c t   e n c o u n t e r e d   d i f f i c u l t y   w i t h   t h e  module s t r i k i n g   t h e   r a i l i n g ,  
the  underwater  p lat form, and the   d rag   e f fec t   o f   t he   sc reen   w i re  modules. It 
was noted  that   the  subject   had a successful   run  wi th  the  8-cu-f t ,   15-slug  pack- 
age which was as e f f e c t i v e  as the   8 -cu- f t ,   I -s lug  package  and b e t t e r   t h a n   e i t h e r  
o f   t h e  two 40-cu- f t  volumes tested.   Tentat ive ly ,  i t  appears t h a t   f o r   t h i s  mode 
the  increased  s ize  o f   the  cargo package was more o f  a hindrance  than an increase 
i n  mass. 

The most  obvious f a u l t   o f   t h e   t e c h n i q u e  used i n   t h e   t e s t s   i s   t h e   l a c k   o f  
s i z e   p e r c e p t i o n   w h i c h   r e s u l t e d   i n   t h e   s u b j e c t   r u n n i n g   i n t o   o t h e r   o b j e c t s   w i t h  
h i s  back-mounted  cargo.  Traversing when contacts  were not  made w i t h   o t h e r  i tems 
i n   t h e   t a n k   c o n s t i t u t e d   t h e   b e s t   r u n s   o f   t h e   e n t i r e   s e t   o f   c a r g o   t r a n s p o r t   t e s t s .  

An obv ious   p rob lem  w i th   the   backpack   i s   the   d i f f i cu l ty   tha t   the   as t ronaut  
would  have i n  making h i s   connec t ion   o r   d i sconnec t ion   w i th   t he  module i n  an EVA 
condi t ion.   Underwater  s imulat ion has  demonstrated  that  the  worker  must be able 
t o  see h i s  work to accomplish i t  e f f e c t i v e l y .  The l a c k   o f   a p p r o p r i a t e   s p a t i a l  
awareness makes the  use  of  backpacks a l im i ted   concep t   f o r  EVA cargo  t ranspor t .  

Test   ser ies 7 

I .  Condi t ions.--The  subject   is   connected  by a s t r a p   r e s t r a i n t   t o   t h e  
t r o l l e y   t r u c k   i n   t h e   r a i l .  A f lush-mounted  handle i n  combinat ion  wi th  a forearm 
handle i s  mounted to   t he   ca rgo  module. The s u b j e c t   p u l l s   t h e  module. 

No p i   l o t   t e s t  runs  were  performed. The exploratory   runs were  conducted 
us ing   t he   f o l l ow ing  packages: 

8 -cu- f t  volume  and 5-sl  ug mass 

8 -cu - f t  volume  and 

40-cu- f t  volume  and 

40-cu- f t  volume and 

I 5-sl   ug mass 

I -s  1 ug mass 

5-s l  ug mass 
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Figure 4-70. Sub jec t  w i th  8 -cu - f t  and I -Slug Mass on Back, 



Figure  4-71. Sub jec t   w i th   40 -cu - f t  Volume and 5-Slug Mass on Back 



2. Observations.--General  ly,  the  forearm  loop  used w i th  the  s imple  handle 
d e m n s t r a t e d  no important  advantage  over  the  s imple  handle  used  alone.  For  the 
task   o f   rep lac ing   t he   ca rgo   package   i n   t he   ho ld ing   j i g ,   t he   sub jec ts   p re fe r red  
the  s ing le  handle.  It i s   p o s s i b l e   t h a t . t h i s   p r e f e r e n c e   i s  an a c c e s s i b i l i t y   p r o b -  
lem  and t h a t  under  other  condit ions,  such as a m r e   r e s t r a i n e d   p o s i t i o n ,   t h e  two- 
handle  concept  would  be  advantageous.  This  two-handle  configuration  tends to  
r e s t r i c t   t h e   p o s i t i o n i n g   e n v e l o p e   d u r i n g   t h e   t r a n s p o r t   t a s k .  Under t h e   t e s t  con- 
d i   t ions ,   the   cargo   f requent ly  snagged  on t h e   r a i  1 and mockup. Recovery  appeared 
t o  be f a s t e r   t h a n   w i t h  one  handle. 

Tes t   se r ies  8 

I .  Condi t ions.--The  subject   is   connected  by a s t r a p   r e s t r a i n t   t o   t h e  
t r o l l e y   t r u c k   i n   t h e   r a i l .  A f lush  s imple  handle and fo rearm  hand le   i s  mounted 
to   t he   ca rgo  module. The sub jec t  pushes the  cargo  module ahead o f  him. 

No p i   l o t   t e s t  runs  were  performed.  Exploratory  runs  were w i th  a 40-cu- f t  
volume,  and a 5-s lug  mass. 

2. .- Observat ions.   - -This  test  was te rmina ted  because  the  subject  had so 
much d i f f i c u l t y   t r y i n g  t o  t rave rse  and cont ro l   the   cargo   modu le   a t   the  same 
t ime   tha t  he made no  progress  and was 'If ight ing"   the  task.  As no ted   p rev ious ly ,  
pushing  the module, w h i l e  i t  i s   n o t   r i g i d l y   r e s t r a i n e d ,   i s   n o t  a f u n c t i o n a l  
means o f  t ranspor t ing  cargo  in   underwater   s imulat ion.  

Conclusions o f   Exp lo ra to ry   Tes ts   on  Cargo  Transport 

D u r i n g   t h e   p i   l o t   t e s t s ,  i t  was read i l y   apparen t   t ha t   t ranspor t  and  manipu- 
l a t i o n   o f   t h e   l a r g e r  modules d id   no t   s imu la te  a w e i g h t l e s s   s t a t e  even  though  the 
modules  were neut ra l l y   buoyant .  The t e s t s   i l l u s t r a t e d   d i f f i c u l t i e s   i n   g e n e r a l -  
i z a t i o n  due to the   e f fec t   o f   d rag   in   the   water   env i ronment .   Caut ion   must   be  
used in   app ly ing   the   resu l ts   o f   the   neut ra l -buoyant   cargo   t ranspor t   to   the   ac tua l  
cond i t i ons   t ha t   t he  EVA worker w i  1 1  f i n d   i n  space. 

It also  appears  that ,   to   enable  the  ast ronauts  to  move and c o n t r o l   c a r g o   o f  
var ious mass and  s ize  in  the  weight less  condi t ions,   special   control   measures 
must be taken   t o   p rov ide   f o r   secu r ing ,   pos i t i on ing ,  and t r a n s p o r t i n g   b o t h   t h e  
as t ronaut  and the  cargo. I n  the   tes ts ,   s imp le   t rack   t ro l ley   sys tems w i th  I deg 
o f  f reedom  cont ro l   led  were n o t   s u c c e s s f u l   i n   p r o v i d i n g   t h i s  capabi 1 i ty .  A more 
func t i ona l   sys tem  i s  needed, e.g., a m u l t i p l e   t r a c k   t r o l l e y  system o r  a s i n g l e  
astronaut/cargo mass. 

When the  subjects   mainta ined an acceptable amount o f   c o n t r o l   o v e r   t h e  
module and themselves  dur ing  the  t ravers ing mode o f   t he   t es ts ,   t he   bas i c   cond i -  
t ions  mentioned above existed. These occurred when the   sub jec t  had the  cargo 
module a t t a c h e d   t o   h i s  back.  and  thus  both hands  were f r e e   t o   t r a v e r s e  and  rnain- 
t a i n   c o n t r o l .   I n   t h i s  case, the   sub jec t  and cargo  module  were e f f e c t i v e l y  one 
mass, which  reduced  the  coupling  aspects o f  the  control   problem. 

I38 



r 

As prev ious l y  mentioned, t h e   l a r g e s t  package  (120-cu-ft)  could  not be 
t ranspor ted   e f fec t i ve ly   underwater .  The drag was so grea t   t ha t   t he  module 
deformed as t h e   s u b j e c t   p u l l e d  it through  the  water.  Observers  could  actual ly 
see the  ends o f  the module bu lge and the   s ides   co l lapse with each pu l l i ng   mo t ion .  
Th is  same e f f e c t   e x i s t e d   f o r   e a c h   o f   t h e   o t h e r  two volumes b u t   t o  a lesser  degree, 
and s t r u c t u r a l  change i n  the  modules was not  observable. 

The p i   l o t   t e s t s  i 1 l u s t r a t e d   t h e   s u b j e c t s '   d i f f i c u l t y   i n   p u s h i n g   t h e  modules 
ahead o f  them wh i l e   t rave rs ing   t he   l ocomot ion   ra i  1 ; it was assumed t h a t   t h i s  
d i  f f i  c u l   t y  was a product  o f  the   res i s tance  o f  the  water.  Thi s d i  f f i  cul t y   e x i s t e d  
f o r   t h e   8 - c u - f t  module as w e l l  as f o r   t h e   l a r g e r  volumes. It is  no t   reasonab le  
t o  assume t h a t  EVA workers w i  1 1  encounter   con t ro l   p rob lems  w i th   s im i la r  dynamics 
i n   f r e e  space. Fol lowing  the  cont ro l   problem  encountered  in   pushing  the  cargo 
packages d u r i n g   t h e   p i   l o t   t e s t s ,   o t h e r   t e s t s  were  conducted with the   sub jec t  push- 
i n g   t h e  module d u r i n g   t h e   t r a v e r s e .   I n   b o t h   o f   t h e s e  cases, t he   resu l t s  were 
l e s s   e f f  i c i e n t   t h a n   p u l l  i ng  the packages. 

From t h e   e a r l i e s t   p i l o t   t e s t   t h r o u g h o u t   t h e   c a r g o   t r a n s p o r t   t e s t s ,  i t  was 
ev iden t   t ha t   t he   p r imary   p rob lem  fo r  module t ranspor t  was one o f   as t ronau t  con- 
t r o l   o f   t h e  package. Although a cons iderab le   por t ion   o f   the   con t ro l   p rob lem 
observed   mus t   be   a t t r i bu ted   t o   t he   d rag   e f fec t   o f   t he   wa te r  on the packages, 
o ther   con t ro l   fac to rs   separa te   f rom  the   d rag   e f fec t   ex is ted   wh ich  can be extrapo- 
l a t e d   t o  EVA. It was noted  that   the  subject  must  have  both hands f ree   t o   pe r fo rm 
work e f f e c t i v e l y .  The very  nature  o f   moving  cargo modules  by  hand i s  counter   to  
conclus ions  o f   pr ior   research.  The r e s u l t s   o f   t h e   c a r g o   t r a n s p o r t   e x p l o r a t o r y  
t e s t s   f u r t h e r   s u b s t a n t i a t e   t h e   e a r l i e r   o b s e r v a t i o n s   t h a t  ( I )  the  weight less man 
needs f i  r m  and r i g id   suppor t   t o   pe r fo rm  mean ing fu l  work,  and ( 2 )  one-handed tasks 
should be avoided  whenever  possible. These observat ions  imply   that   the need f o r  
special  hardware and  equipment  development will be i d e n t i f i e d   f o r   s p e c i f i c  EVA 
tasks as a r e s u l t   o f   s i m u l a t i o n .  

The use o f   spec ia l   hand les   f o r   t ranspor t i ng  and man ipu la t ing  modules  tends 
to   imp ly   tha t   the   success fu l   per fo rmance  o f   the   task  depends on the   se lec t i on   o f  
the  best  handle. The tests   conducted  ind icate,  however, t h a t ,   f o r  manual con t ro l ,  
cargo  modules  must be handled  wi th  two hands t o   m a i n t a i n  adequate contro l   over  
the module.  These same t e s t s  and p r i o r   t e s t s   a l s o   i n d i c a t e   t h a t   t h e   a s t r o n a u t  
requ i red  two  hands to   t raverse  a long  s imple  locomot ion  a ids.  Thus, the  problem 
i s  to   enab le   the   as t ronaut   to   con t ro l   the   cargo   wh i le   t ranspor t ing  i t  b u t   a t   t h e  
same ti me to   l eave   h i s  hands f ree   to   t raverse   w i th   o r   separa te ly   f rom  the   cargo  
module. The former i s  provided  by  at taching  the  cargo package to   t he   sub jec t ' s  
back. The backpack  concept  has  serious 1 imi t a t i  ons  as menti  oned in   the   observa-  
t i o n s   o f   t h a t   t e s t .   T h i s  imp1 i e s   t h a t  a t ravers ing/cargo  t ranspor t   hardware 
system i s   requ i red .  I f  the   sub jec t  had on ly   to   con t ro l   the   fo rward   mot ion   o f   the  
cargo and could use bo th  hands i n   t r a v e r s i n g  and impar t ing  mot ion  to   the.  cargo, 
he  would, i t i s   be l i eved ,  have a func t i ona l  EVA cargo  t ranspor t  system. 

The phys io log ic   data  for   the  exploratory   cargo  t ranspor t   exper iments  are 
shown i n   F i g u r e s  4-72 through 4-80. M e t a b o l i c   r a t e s   i n   k i   l o c a l o r i e s   p e r   m i n u t e  
a re  shown i n   t h e  upper  graph;  corresponding  cardiac  rates  in  beats  per  minute  are 
seen i n   t h e  second t race ;   exp i   red   ven t i la to ry  volume expressed as l i t e r s   p e r  
m inu te   a t  body  temperature,  pressure, and sa tura ted  w i t h  water  vapor  are shown 
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Figure  4-72 .  Phys io log i c   Da ta   f o r  Cargo Transpor t  P i  l o t   T e s t  901 
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Figure 4-73. Physiologic Data  for  Cargo Transport and  Formal Test 901 
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Figure 4-74. Time  Course Physiologic  Data  for Cargo 
Transport Test  902 
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Figure  4-75.  Phys io log ic  Data f o r  Cargo Transpor t  
Test  904 

I43 



0 IO 

RUNS I - 
8-CU-FT AND 5 SLUG MASS 

HANDLE-HAND CHANGE 

1 60 

80 

0 

0 IO 

0 
IA. 

? 
Lz 

I- 

O I O  

5-40970 

Figure 4-76. Physiologic  Data  for  Cargo  Transport  Test 906 
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Figure 4-77. Physiologic  Data  for Cargo Transport 
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Figure 4-78. Physiologic  Data  for Cargo  Transport 
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Figure  4-79.  Physiologic Data for Cargo Transport 
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i n   t h e  th i  r d   t r a c e ;  and r e c t a l   t e m p e r a t u r e s   i n  OF are   g i ven   i n   t he   bo t tom  t race  
for each f i gu re .  

A cursory  examinat ion  of   these  graphs shows a sharp   con t ras t   to   the   da ta  
reported  under NASA Contract  NAS 1-5875. I n   t h a t   e f f o r t ,   m e t a b o l i c   r a t e s   n e v e r  
exceeded 2000 B t u   p e r   h r  ( 8 . 4  kca l   per  min),  and hear t   ra tes  were  never  higher 
than 140 beats  per  min. Dur ing  these  tests,   metabol ic  rates  reached as h i g h  as 
14 kca l   per   m in  (3325 Btu   pe r  hr), and h e a r t   r a t e s   o f  160 beats  per  min  were 
of ten  noted. However, these  data  tend t o   f o l l o w   t h o s e   n o t e d   i n   t h e   p r e v i o u s  
study. The sub jec ts   genera l l y  paced the i  r work e f f o r t  so t h a t   t h e i  r energy 
requi  rements  were  general ly  less  than 6.5 kcal   per  min ( I500 Btu   per  hr) and 
opera ted   a t   hea r t   ra tes   o f  140 beats  per   min  or   less.  It i s  apparent   that  man 
s t r i v e s   t o  work a t  a 1 ight-moderate  to  moderate  work  load i n   n e u t r a l  buoyanc) 
j u s t  as i n  I -g condi t ions.   Levels  h igher  than  these  cannot be maintained  for a 
l ong   pe r iod   o f   t ime .  

The ven t i   l a to ry   aa ta  show l i t t l e   o f   i n t e r e s t .  As expected,   the  vent i la tory  
response i s  a r e f l e c t i o n   o f   m e t a b o l i c   r a t e ,  and the changes noted were  necessary 
to   hand le   the  volume o f  carbon  dioxide  produced. It should be no ted   t ha t   t he  
sub jec ts   ach ieved  ra tes   o f  as h i g h  as 65 1 per   min  dur ing one t e s t  and d i d   n o t  
r e p o r t  any  problem w i th   resp i   ra to ry   res i s tance ,   i nd i   ca t i  ng the  acceptabi 1 i t y  of 
the  metabol ic  rate  measur ing system. 

I n  general ,   rectal   temperatures showed  a very s 1 i ght   t rend downward, i ndi  - 
ca t i ng   t he   sub jec ts  were coo l ing   dur ing   each  tes t .  It i s   v e r y   d o u b t f u l   t h a t   t h e  
amount of coo l ing   no ted   wou ld   a f fec t   the   metabo l   i c   ra tes  even  though rap id   hea t  
loss must  be  compensated fo r   metabo l ic   heat .  The a c t u a l   e f f e c t   o f   t h e r m a l   t r a n s -  
f e r  on metabol ic   ra tes  dur ing  pressure-su i ted  underwater   s imulat ions  should  be 
complete ly   evaluated  to   account   for  any p o s s i b l e   e f f e c t s  on the   to ta l   energy   cos t  
o f  work. 

EXPLORATORY  TESTS OF CREW RESCUE 

The exp lo ra to ry   o r i en ta t i on   o f   t he   c rew  rescue   tes ts  was t o   i d e n t i f y   t h e  
problems  associated  wi th  secur ing,  moving,  and manipulat ing  pass ive  subjects .  
The t e s t s  were  conducted  around  the  basic  task o f  recovery,  transport ing, and 
secur ing  the  pass ive  subject .  The rescue  concepts  were d i f f e ren t   p rocedura l  
approaches to   recove r ing   t he   pass i ve   sub jec t .  Each pre-establ   ished  concept was 
conducted,  and  procedural changes  were made on  the  spot  to  improve  the  basic 
aspec ts   o f   recovery ,   t ranspor t ing ,   o r   secur ing   the   sub jec t .  The  changes made 
were  based  on i n s i g h t s   g a i n e d   d u r i n g   t h e   t e s t  due t o   e i t h e r   t a s k   f a i l u r e ,   l o n g -  
task-performance  time, o r   s u b j e c t  and team member inputs .  

Procedures  and  Test  Apparatus 

It was n o t   p o s s i b l e   t o  use a human pass ive  subject  for rescue i n  a f u l l -  
pressure-su i   ted  condi t ion  s ince  the  current  ECS can accommodate only  one-sui   ted 
s u b j e c t   a t  a time.  Furthermore, i t  was quest ionable f E o m  a s a f e t y   p o i n t   o f   v i e w  
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whether it was adv i sab le   t o  have  two p r e s s u r e - s u i t e d   s u b j e c t s   i n   t h e   t a n k   a t   t h e  
same t ime   s ince   t he   capab i l i t y   t o   rescue  two sub jec ts   s imu l taneous ly   d id   no t  
e x i s t .  The dec is ion  was  made t o  use a G-2C s u i t   p r e s s u r i z e d   t o  3.5 p s i   w i t h  
water  for   the  passive  subject .   Smal l   weight  addi t ions  were  requi   red  to make the  
dummy n e u t r a l   l y  buoyant. 

Since  the crew  rescue t e s t s  were  conducted  fol lowing a week o f   ac tua l   rescue  
procedura l  development, requ i red  as  a s a f e t y  measure f o r   t h e  program, the  sub- 
j e c t s  were a1 1 fami 1 ia r   w i th   the   e lementary   tasks   o f   rescue.  A1 though i n  these 
p r i o r  runs,  the  rescuers  were  skin  divers,  the  practice  taught them much about 
the  force  requi  rements  and the movements o f   t h e   s u b j e c t   b e i n g  rescued.  There- 
fore,  rather  than  develop a s e r i e s   o f   s p e c i f i c   t a s k s   f o r   t h e   s u b j e c t s   t o   p e r f o r m ,  
i t was be l i eved   t ha t  a genera l   p rocedura l   ins t ruc t ion   nar ra t i ve   wou ld  more accord 
w i th   the   exp lo ra to ry   na ture   o f   the   tes t .   S ix   concepts  were  developed  and  used 
as genera l   i ns t ruc t i ons   f o r  each tes t .  

Observations 

Rescue concept I 

I .  Condit ions. --The tes t   (see   F igure  4-81) s t a r t s   w i t h   t h e   p a s s i v e   s u b j e c t  
f l o a t i n g   f r e e  and un res t ra ined ;   h i s  umbi 1 i c a l  runs  out  the  hatch. The rescue 
sub jec t   s ta r ts   the   recovery   p rocedure  by  moving  s lowly   a long  the  f ront   o f   the 
mockup  and a long  the   p ipe   ra i  1 whi l e   h o l d i n g   t h e  umbi li ca l   o f   t he   pass i ve  sub- 
j e c t  as he traverses. A t  t he   po in t   c loses t   t o   t he   pass i ve   sub jec t   f rom  the   p ipe  
r a i  1, t h e   r e s c u e r   s l o w l y   p u l l s   t h e   p a s s i v e   s u b j e c t   t o  him.  The pass ive   sub jec t  
i s  then  a t tached  wi th  a s t r a p   t e t h e r   i n  a r i n g  on h i s   s u i t .  The pass ive   sub jec t  
i s  t hen   a l l owed   to   f l oa t   f ree ,  and the   rescuer   re tu rns   a long   t he   ra i l  and  mockup 
to   t he   ha tch .   A f te r   a t tach i  ng h i s   s t r a p   r e s t r a i n t   t o   t h e   l e f t   s i d e   o f   t h e  door, 
the  rescuer  then wedges h i s  l e f t  l e g   o r   f o o t   b e h i n d   t h e  hand r a i  1 on  the mockup. 
Th is  w i  1 1  place  the  rescuer i n  a p rone   pos i t i on   bu t  w i  1 1  leave  both hands f r e e  
to  manipulate  the  passive  subject   through  the  hatchway. I f  the  rescuer   f inds 
i t  necessary to   re lease  the  pass ive  subject   f rom  h imsel f   dur ing  any  par t  o f  
t h i s  task, he will reconnect   the   pass ive   sub jec t ' s   res t ra in t   to  keep him  cap- 
t i v e  and   ava i l ab le   f o r   man ipu la t i on .  Once the  pass ive  subject   is   through  the 
hatch,  the  rescuer will f o l l o w  him in.   This  completes  the  test .  

2. Observations.--The umbi 1 i c a l   f o r   t h e   r e s c u e  dunmy  was a 1/4-in. p l a s t i c  
tube  supply ing  the  water   to   mainta in   the 3.5 p s i  AP. This  smal l   d iameter  tube 
i n t e r f e r e d   w i t h   t h e   s u b j e c t ' s   a b i  1 i t y   t o   m a i n t a i n   c o n t r o l  whi l e   t r a v e r s i n g .  
Ac tua l l y ,   the   sub jec t  was a b l e   t o   r e t u r n   t o   t h e  mockup f a s t e r  w i th  the  dummy i n  
tow  than he cou ld   t rave rse   t o   t he  dummy wh i l e   ga the r ing   t he   1 /4 - i n .   umb i l i ca l   t o  
him as he  went  along. The d i f f e r e n c e ,   o f  course, was the  freedom t o  use bo th  
hands f o r   t r a v e r s i n g   o n   t h e   r e t u r n   t r i p .  

Attachment o f  snap c o n n e c t o r s   o r   s t r a p   t e t h e r s   o u t   o f   t h e   f i e l d   o f   v i s i o n  
o f   t h e  EVA worker i s  an undesi   rable  condi t ion.   Releasing  the dummy from  the 
rescuer was a fumbling and  time-consuming  task  because o f   t h e   l o c a t i o n   o f   t h e  
connect ing  po int   on  the  rescuer 's   chest .  
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Figure 4-81. Concept I --Exploratory Crew Rescue 
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The at tempt   by  the  subject  'to p- lace   h is  foot beh ind   the   ra i  1 t o   g i v e  him a 
s tab le   pos i t i on   f rom  wh ich   t o   man ipu la te   t he  dumny  was not   successfu l .  The 
d i f f i c u l t y  was twofo ld :  ( I )  i n   t h a t   p o s i t i o n ,   t h e   s u b j e c t  was p o o r l y   p l a c e d   f o r  
t h e   t a s k   o f   p u t t i n g   t h e   d u m y   t h r o u g h   t h e   h a t c h  and ( 2 )  t h e   p o s i t i o n   d i d   n o t  
a l l o w  him t o   v i e w   t h e   t o t a l i t y   o f   t h e   h a t c h  and dummy. 

The dummy i n s e r t i o n  was accomplished  by  pushing  . the dumny through  the  hatch 
from an e r e c t   p o s i t i o n   i n   f r o n t   o f   t h e   h a t c h .   T h e r e  was much fumbl ing,   f loat ing,  
and  one-handed  work assoc ia ted   w i th   the   task .  A t a s k   o f   t h i s   f o r c e   r e q u i r e m e n t  
should be performed  from a r e s t r a i n t  system tha t   p rov ides  a s t a b l e   p o s i t i o n  and 
a1 lows  both hands t o  be used i n   t h e  work  (see  Figure 4-82). 

Rescue concept 2 

I .  Condit ions. --The pass i ve   sub jec t   f l oa ts   f ree  and un res t ra ined ;   h i s  
umbi 1 ica l   runs  out   the  hatch.  The rescuer  captures  the  passive  subject  with a 
r i g i d   t e l e s c o p i n g   p o l e   t h a t  has  a s l ip /noose on  the  forward end. The r i g i d   p o l e  
i s  worked o f f   t h e   p i p e   l o c o m o t i o n   r a i  1 by a s t r a p   t h a t  may be t ightened  around 
the two p o l e s   t o  a1 l o w   t h e   " f i s h i n g   p o l e "   t o  work  as a lever.   Fol lowing  capture,  
t he   sub jec t   mves   t he   pass i ve   sub jec t   t h rough   the   l eve r ing   f o rce   t o   pos i t i on  I 
(see  F igure 4-83). The rescuer  then  releases  the  strap  around  the two poles  and 
moves t h e   p o l e   t o   p o s i t i o n  2. Here  he  again  t ightens  the  strap  around  the two 
poles and leve rs   t he   pass i ve   sub jec t   t o   pos4 t ion  3. The rescuer  then  secures 
t h e   " f i s h i n g   p o l e "   a t   p o s i t i o n  4 t o   h o l d   t h e   p a s s i v e   s u b j e c t   s e c u r e   i n   f r o n t   o f  
the  hatch; a  bungee c o r d   w i t h  a hook a t  one  end  and  a r i n g   a t   t h e   o t h e r  w i  1 1  
serve  here. The rescuer  then moves to   the   ha tch   open ing  and r e s t r a i n s   h i m s e l f  
i n   t h e   h a t c h   f a c i n g   o u t   f r o m   t h e  mockup. The r e s t r a i n t  sys tem  cons is ts   o f  two 
s t rap   res t ra in t s   a t tached   to   bo th   s ides   o f   t he   doo r .  The rescuer   takes   ho ld   o f  
the  passive  subject,  releases  the  loop/noose, and  snaps the   pass ive   sub jec t ' s  
r e s t r a i n t   i n   t h e  1 i f t - s i  de eye b o l t   o f   t h e   h a t c h .  A t  the  same time, he releases 
h i s   r e s t r a i n t   o n   t h e   l e f t   s i d e  of the  hatch and then   p i vo ts  and  manipulates  the 
passive  subject  through  the  hatch  Qpening. The rescuer  should t r y   t o   s t a y   i n s i d e  
the  hatch  opaning as  much as possible  through  these  last   steps. Once the   pass ive  
sub jec t   i s   i ns ide   t he   ha tch  opening,  the t e s t   i s  completed. 

2 .  Observat ions.--This  rescue  technique  should  not   be  considered  real ist ic 
f o r   a p p l i c a t i o n   t o   r e c o v e r y   o f  an EVA ast ronaut .  

Five  separate .runs  were made o f   t h i s   t e s t   c o n d i t i o n  and o f  these, o n l y  one 
successfu l   capture  o f   the dummy  was  made. The f o u r   f a i l u r e s   a r e   n o t   n e c e s s a r i l y  
a p r o d u c t   o f   t h e   i m p o s s i b i l i t y   o f   t h e   t a s k ,   b u t   o f   t h e   f a i l u r e  o f  t h e   t a s k   w i t h i n  
a g iven  t ime limit. The dummy  was a l lowed  to   f low  f ree   approx imate ly  10 f t  from 
t h e   p i p e   r a i l .  When p l a c e d   i n   t h i s   p o s i t i o n ,   t h e  dumny wou ld   beg in   to   s lowly  
f l o a t  away. T h i s   f r e e   f l o a t i n g  was q u i t e  random, and the dummy changed d i r e c t i o n  
p e r i o d i c a l l y .  Thus, the dummy prov ided a s low-moving  target  for   the  subject .  The 
dummy  was ava i l ab le   f o r   cap tu re   on l y   abou t  30 t o  45 sec, and then i t  was o u t   o f  
range. I f  no t   cap tu red   wh i l e   i n  range, the  run was considered a f a i l u r e .  

The d i f f i c u l t y   o f   t h e   c a p t u r e   t a s k   i s   a t t r i b u t e d   t o   t h e   l a c k   o f   c o n t r o l   o v e r  
the   t o rso  and legs when the   sub jec t  i s  manipu la t ing   the   po le   f rom  the   p ipe   ra i l .  
The techn ique  o f   po le   man ipu la t ion   f rom  the   p ipe   ra i l  was t o  have  one arm over 
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Figure  4-82.  Subject   P lac ing Dummy Through  Hatch o f  Mockup 



F igu re  4-84.  Photographs 4-84,   4-85,  and 4-86 Dep ic t   t he   Sub jec t   "F i sh ing "  fo r  the 
Dumny w i th  a C a t c h - P o l e   a n d   I l l u s t r a t e   t h e  Control Problem Resul t ing  



Figure  4-85 .  Second Photograph o f  Sequence o f  Pole Rescue 



F igu re  4-86. Thi  rd  Photograph o f  Sequence; Sub jec t  Fa1 1 i 
Posi t i o n  on  Rai 1 

ng Out o f  Contro l   f rom 



Figure  4-87. Concept  3--Exploratory Crew Rescue 
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Figure 4-88. Concept 4--Exploratory Crew Rescue 
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cinches up the   spec ia l   s t rap  as t i g h t  as poss ib le  and then  t raverses wi th the  
passive  subject  on his  back  through  the  hatch.  This ends the   t es t .  

2. Observations.--Two  attempts  were made to   pe r fo rm  th i s   rescue  concept. 
The f i  rs t   a t tempt   c losely   fo l lowed  the  procedures,  and the  second was  made with 
numerous i nnova t ions   t o  accompl i s h   t h e  rescue.  Both  attempts  were  terminated 
d u r i n g   t h e   t a s k   o f   a t t a c h i n g   t h e  dummy t o   t h e  back o f   t he   rescuer .   I n   t he  sec- 
ond t r i a l ,   t h e  cage r e s t r a i n t  was a t t a c h e d   f i r m l y   t o   t h e   l a d d e r   t o   p r o v i d e  a 
work p l a c e   f o r   t h e   r e s c u e r   t o   p o s i t i o n  and secure  the dummy t o   h i s  back  (see 
Fi   gure 4-89). 

I n   b o t h   t e s t s ,   f a i l u r e   t o   c o m p l e t e   t h e   a t t a c h m e n t   o f   t h e   d u m y  was a t t r i -  
bu ted   t o  ( I )  the   sub jec t ' s   inab i  1 i t y   t o  see the   exac t   pos i t i on  o f  the  dummy when 
he p o s i t i o n e d   h i s  own back t o  i t  and ( 2 )  the   inab i  1 i t y  to   man ipu la te   the   s t rap  
when he was pos i t i on ing   ( see   F igu res  4-90 through 4-92). The rescuers i n   b o t h  
t r i a l s  were  sure  that  they  were  about  to  complete  the  task many times. The 
d i f f i c u l t y   h e r e   c o u l d   b e   v e r y   s i m i l a r   t o   t h e   d i f f i c u l t y   d u r i n g   t h e   G e m i n i . f l i g h t s  
when the   as t ronaut   a t tempted  to   back   in to   the  AMU and  had to   even tua l l y   t e rm ina te  
the  task.  

The d i f f i c u l t y   e x p e r i e n c e d   i n   t h e   " b l i n d "   w o r k   o f   t h i s   t a s k   s u r p r i s e d   o n l y  
the  subjects;   f rom numerous observa t ions   p rev ious ly  made, even the  most  elemen- 
t a r y   t a s k s  ended i n   f a i   l u r e  because  the  subject   could  not  see h i s  work, i .e. , 
disconnect ing a r e s t r a i n t  snap on  the  chest. I n   b o t h   t e s t   e f f o r t s ,   t h e   r e s c u e r  
was  a1 lowed to   pursue  the  connect ing  task  for   approx imate ly  IO min  before  the 
t e s t s  were  stopped. 

Rescue concept 5 

I .  Condit ions. --The pass i ve   sub jec t   i s   p laced   on   t he   su r face  o f  t h e  mockup, 
a t t a c h e d   t o   t h e   r a i  1 by a t e t h e r   w i t h  a snap-r ing  connect ion  (Figure 4-93). The 
rescuer   t raverses   ou t   the   ha tch  and mves   t he   pass i ve   sub jec t   a long   t he   ra i  1 and 
through  the  hatch  opening. Care i s  taken  to  keep bo th   the   pass ive   sub jec t  and 
the  rescuer   connected  and  rest ra ined  a t  a1 1 t imes.   Severa l .   d i f fe ren t  approaches 
a re  used t o   f i n d   t h e   b e s t  way fo r   the   rescuer   to   man ipu la te   the   pass ive   sub jec t .  

2. Observations.--This  procedure was to   exp lo re   t he   va r ious  ways o f  
manipulat ing  the  subject   through  the  hatchway  to  determine  the  best  approach. 
It was imposs ib le   f o r   t he   rescuer   t o  go t h r o u g h   t h e   h a t c h   f i r s t   o r   t o   f o l l o w   t h e  
dummy through  the  hatch because the  backpack  conf igurat ion was too   l a rge  t o  a1 low 
the  passage. I n   t h e   t r i a l s ,  a .pushing  procedure was requ i   red   t o   p lace   t he  dumny 
through  the  hatch.  This  prevented  observat ions  of   the  opt imum  procedure  s ince 
p u l l   i n g   o f   o b j e c t s   a p p e a r s   t o  work bet ter   than  pushing.  

The sub jec t   pu ts   t he  dummy ( I )  through  the  hatch with the  rescuer's 
r e s t r a i n t   c o n n e c t e d   t o   t h e   r i g h t  of the   ha tch   (F igure  4-82) , (2 )  t h rough   the  
h a t c h   w i t h   t h e   r e s t r a i n t   c o n n e c t e d   t o   t h e   l e f t   o f   t h e   h a t c h ,  (3) through  the 
access  opening  rather  than  through  the  hatch  (Figure 4-94) J (4) ac ross   t he   f ron t  
o f  the  rescuer, and (5) behind  the  rescuer. 
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F igu re  4-89. Sub jec t   P lac ing  Dumy i n  Cage f o r  M a n i p u l a t i v e   C o n t r o l  
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Figure  4-90. Sub jec t   Man ipu la t i ng  Dumny i n  Cage i n  Attempt t o  St rap  Dummy on H i s  Back 
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Figure  4-91. Subject   At tempt ing  to   Posi t ion  Dumy  to  H i s  Back;  Note  Backpack I n t e r f e r e n c e  



Figure 4-92. Subject   At taching Dummy t o  Ladder i n  Attempt  to  Gain  More  Control Over Dummy 



DUMMY S PATH 

RESCUER'S PATH 

Figure 4-93. Concept  5--Exploratory  Crew  Rescue 
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F i g u r e  4-94 .  S u b j e c t   P l a c  i n g  Dummy i n  Mockup T h r o u g h  Access O p e n i n g  



" 

A c t u a l l y   t h e   p r o c e d u r a l   d i f f e r e n c e  in t h e   a b o v e   t a s k s   d i d   n o t   a p p e a r  to 
a l t e r   t h e   t a s k  of p u s h i n g   t h e  dumny t h r o u g h   t h e   h a t c h .   T h i s   t a s k  was b a s i c a l l y  
t h e  same e a c h  time. T h e   d i f f e r e n c e s  were m a i n l y   t h e   i n d i v i d u a l   s t e p s   u s e d   i n  
r e c o v e r i n g   t h e  .dummy; l o c a t i n g ,   c o n n e c t i  n g ,   a n d   d i   s c o n n e c t i   n g   t h e   r e s t r a i n t s ;  
l o c a t i n g   t h e   r e s c u e r ' s   r e s t r a i n t  so t h a t  i t  d i d   n o t   i n t e r f e r e  wi t h   t h e   t a s k  of 
p u s h i n g   t h e   s u b j e c t   t h r o u g h   t h e  access open ing .  

Each of t h e s e   t r i a l s   p r o d u c e d   t h e  same d i f f i c u l t i e s   i n   g e t t i n g   t h e   s u b j e c t  
t h r o u g h   t h e   h a t c h :  

Push-off  effect due  to  t h e   f l e x i b i l i t y  of t h e   s t r a p   r e s t r a i n t s   a n d   t h e  
l a c k  of a d e q u a t e   s u p p o r t s  

Absence of s t a b i   l i t y  of p o s i t i o n s  a n d   t h e   c o n s e q u e n t i a l   l o s s  of p o s i -  
t i o n   ( e . g . ,   n o   s u p p o r t  for torso, l e g s ,  or f e e t ) ,  see F i g u r e s  4-95 a n d  
4-96 

M a i n t a i n i n g  of p o s i t i o n   b y   h o l d i n g   o n   w i t h   o n e   h a n d   a n d   p e r f o r m i n g   t h e  
t a s k   w i t h   t h e   o t h e r   h a n d   w h i c h   r e s u l t e d   i n   l o n g   t a s k  times and   poor  
t a s k   p e r f o r m a n c e ,  see F i g u r e s  4-97 and  4-98 

L i m i t e d   v i s i o n   ( e . g . ,   n o t   n o t i c i n g  dummy's f o o t  or feet b e i n g   c a u g h t  
o n   t h e   l o w e r   e d g e  of t h e   h a t c h   o p e n i n g )  

Conc l   u s i   ons  

C o n s i d e r a b l e  s i m i  l a r i   t y   e x i s t e d   b e t w e e n   t h e  crew r e s c u e   a n d   t h e   c a r g o   t r a n s -  
p o r t  tests. T h e   t y p e s  of p r o b l e m s   o b s e r v e d   i n   o n e  series were a l s o   o b s e r v e d   i n  
t h e   o t h e r  series. T h e   d i f f e r e n c e s  were m a i n l y   t h o s e  of d e g r e e   r a t h e r   t h a n  of 
k ind .   Fo r   example ,   i n   t he   mov ing  of a l a r g e   o b j e c t   b y   p u l l i n g  or p u s h i n g  i t  
a l o n g  a l o c o m o t i o n   a i d ,   t h e   s u b j e c t   p e r f o r m e d   b e t t e r  when h e   h a d   b o t h   h a n d s   f r e e  
(see F i g u r e  4-99). 

T r a v e r s i n g   w i t h   t h e  dummy i n  tow on  a s t r a p   t e t h e r   a p p e a r e d   r a t h e r   e f f o r t -  
l e s s  (see F i g u r e  4-100). Once t h e  dummy w a s   s t a r t e d   i n   m o t i o n ,  i t  c o n t i n u e d   i n  
a s m o o t h   f l o w   w i t h   o n l y   t h e  s1 i g h t e s t   p u l l  or push  from t h e   s u b j e c t .  Drag, of 
c o u r s e ,   s t o p p e d   t h e   m o t i o n  i f  t h e   s u b j e c t   d i d   n o t   k e e p   t h e  dummy moving. 

A l t h o u g h   t h e  water d r a g  effect  s e e m e d   l e s s   w i t h   t h e   r e s c u e  dumny t h a n   w i t h  
t h e   c a r g o   m o d u l e s ,  i t  i s   u n c e r t a i n  t o  w h a t   e x t e n t   t h e   m o v e m e n t s  of l a r g e  masses 
a n d   l a r g e   v o l u m e s   i n   n e u t r a l   b u o y a n t   s i m u l a t i o n  is a r e a l i s t i c   s i m u l a t i o n   t e c h -  
n i q u e .   T h e   s i m u l a t i o n   t e c h n i q u e   i s  more a p p r o p r i a t e  for t h e   s u b j e c t   a l o n e  a t  
v e r y   l o w   v e l o c i t i e s  (see F i g u r e s  4-101 and  4-102). When l a r g e   o b j e c t s   a r e  
a t t a c h e d  f i  rmly to t h e   s u b j e c t ,   t h e   s i m u l a t i o n   a l s o   a p p e a r s  good, i .e., t h e   b a c k -  
p a c k   t r a n s p o r t .   O b j e c t s   s e p a r a t e d  from t h e   s u b j e c t  for m a n i p u l a t i o n   a p p e a r  to 
i n t r o d u c e  new c o n d i t i o n s   w h i c h   a r e   p r o b a b l y   m a s s - t o - m a s s   c o u p l i n g   p r o b l e m s   t h a t  
t e n d  to compromi se t h e   s i m u l a t i o n   t e c h n i q u e .  

S i n c e   t h e   o n l y   r e s t r a i n t   p r o v i d e d  for t h e   s u b j e c t  was a s i n g l e   s t r a p   t e t h e r ,  
h e   h a d   c o n s i d e r a b l e   d i f f i c u l t y   i n   g e t t i n g   a p p r o p r i a t e   p o s i t i o n s  from which  to  work 
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Fi gure 4-95. S u b j e c t  Pull i ng Dummy Along Rai 1 Locomotion A i d  
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F i q u r e  4-96. S u b i e c t   M a n i p u l a t i n g  Dummy A t t a c h e d  t o  Rai 1 w i t h   S t r a p   T e t h e r  



Figure 4-97. Subject Pulling Dummy Along Front of Mockup Toward Hatch 



Fiaure 4-98. Subiect  Manipulatinu Rescue Tether During Rescue Test 



Figure 4-99. Subject Moving Along Front of  Mockup to Pick Up Dummy During Rescue Test 

" 
- . .  . .  
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Figure  4-100. Subject Pulling Himself w i t h  Dummy i n  Tow to Mockup 

! 

i 
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F i g u r e  4-101. Dummy B e i n g   P u l l e d  to  M o c k u p   b y   S u b j e c t   D u r i n g   R e s c u e  Test  



F i g u r e  4-102. Subjec t   Pu l  l i n g  Dummy Through  Hatch  Dur ing  Rescue  Test 



and i n  maintaining  the  position  throughout  the  specific  task. The task  of 
placing t h e  rescued dummy through the  hatch is  an example of t h i s  problem. When 
the  subject pushed on the dummy, t h e  reactive  force pushed him away  from the 
dumny; consequently he  would "float" away  from the dummy and then be requi red to  
reposition himself and s tar t   the   task again. When rigid  support is not available 
to  the  subject, he spends the major part  of  the  task completion  time getting  into 
position,  falling,  or  losing  position and then  regaining  position. 

Hand holds  are  effective b u t  are  only  adequate  for t a s k s  of 
force requi rements; large  force appl ications requi re  securing  the 
torso. T h i s  la t ter   capabi l i ty  d i d  not ex i s t   a t  t h e  mockup hatch. 
rescued dummy through  the  hatch was a di  f f i  cult  task si nce i t was 
one-hand operation under the  ci rcumstances. 

relatively small 
feet,  legs,  or 
Getti ng the 

essenti a1 l y  a 

The outstanding  single time-consuming problem of the  rescue t e s t s  was the 
time spent d u r i n g  the  tasks w i t h  the  subject  "free  floating" on the s t r a p  
res t ra int   af ter  he  had lost  position and  was reseeking  position. T h i s  fau l t  can 
be corrected wi t h  a functional  restraint system that wi 11  enable  the  subject  to 
contain h i s  feet,  legs,  or lower torso. 

T h i s  ser ies  of tests required  frequent  strap  restraint  manipulation. The 
release and connection of the end snaps were a constant  source of diff icul ty   for  
the  subject  especial l y  when the  subject could  not see  the  connector. An addi- 
tional problem exis ts  when the  subject is trying  to  locate h i s  s t rap  res t ra int  
out of h i s  visual  field. A considerable  portion of the  total test time was 
wasted by the  subject working inefficiently w i t h   h i s  restraints.  I t  i s  recom- 
mended that  strap  restraints be  semi rigid and that  design  consideration be given 
to  the end connectors to  make  them compatible w i t h  pressurized  gloves. 

RESTRAINT EVALUATION  EXPERIMENT 

The res t ra in t   t es t s  were structured  to compare four  different EVA res t ra int  
conditions.  Six  subjects performed identical  task sequences w i t h  each restraint  
to  identify  the advantages and disadvantages  of each restraint  configuration. I n  
addition,  the t a s k  performance interface was  moved  away  from the  subject  to 
further  identify  the work envelope  of the  subject,  relative  to each restraint .  
Figure 4-103 i l lustrates  the experimental  design and the 72 individual t e s t  modes. 

PROCEDURES AND TEST APPARATUS I 

To test  the  restraint  devices, 72 individual t e s t  modes were performed by 
each subject on a t a s k  box designed for t h i s  purpose. These modes were a 
sequence  of elementary maintenance tasks. The task modes and task  elements were 
kept  simple w i t h  clear-cut,  observable  beginnings and ends t o  provide  accurate 
time data  points.  Simplicity of tasks and task equipment was required to  obtain 
data  points  for  loads  translated from t h e  subject  to  the equipment i n  performing 
the  tasks. 
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RESTRAINTS 

GEMINI 12 FOOT AND 
WAIST  STRAP  RESTRAINTS 

GEMINI  12 FOOT AND 
SINGLE STRAP RESTRAINT 

CAGE RESTRAI 
SAFETY LINE 

R I G I D  LEG RE 
AND SAFETY L 

FLUSH  WITH TASK BOX 
FRONT OF RECESSED TASK Box 
MOCK-UP 6 IN. RECESSED 

9 I N .  S-4 I087 4 

Figure 4-103. Experimental  Design  for  Restraint  Testing 
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The f o u r   r e s t r a i n t   c o n d i t i o n s   a r e  as fo l lows:  

(a) Gemini 12 f o o t   r e s t r a i n t s  used with two ad jus tab le   wa is t   s t rap  
r e s t r a i n t s  

(b) Gemini 12 f o o t   r e s t r a i n t s  used w i t h  a s ing le   ad jus tab le   s t rap  
res t ra in t   connec ted   t o   t he   sub jec t ' s   ches t  

(c )  A cage r e s t r a i n t ,   a d j u s t a b l e   i n   d e p t h  and diameter 

(d) A s ing le ,   r i g id - l eg   res t ra in t   connec ted   cen t ra l l y   t o   t he   sub jec t ' s  
she1 1. T h i s   r e s t r a i n t   i n c l u d e d  a lockable  uni   versa1 a t  each  end t o  
p r o v i  de a p i   v o t i n g  capabi 1 i t y  

Each r e s t r a i n t   c o n f i g u r a t i o n  was inst rumented  to  measure the  loads  imparted 
t o  i t by  the  subject   dur ing  the  task  performance. 

F igure 4-104 dep ic ts   the   task   sequenc ing   used  fo r   the   res t ra in t   tes ts .   Pr io r  
t o  formal  test ing,   the sequence was s u b j e c t e d   t o   p i   l o t   t e s t s   t o   c o r r e c t   d e f i c i e n -  
c i e s  o f  t iming  points,  procedure, and sequence. Each o f   t h e   s i x   s u b j e c t s  used 
the   f ina l   p rocedures  shown f o r  each o f   t h e   f o u r   r e s t r a i n t s   a t   t h r e e   d i s t a n c e s  
from the  task  box. The d i sc re te   t asks  w i  t h i n   t h e   t a s k  sequence fo r   t he   f o rma l  
r e s t r a i n t   t e s t  were se lec ted   to   represent  a w ide   var ie ty   o f   t yp ica l   ma in tenance I 

acts. I n  addi   t ion,   several   large  muscular  force  tasks  were  included. 

For   the   res t ra in t   tes ts ,   the   key   da ta   were   per fo rmance  t ime  fo r   the   spec i f i c  
tasks   assoc ia ted   w i th   the   task  box.  The lea rn ing   assoc ia ted   w i th   t he   t ask  
sequence requi red  each  subject   to   per form  the sequence c o r r e c t l y  from memory. 
Learning was considered  adequate when the  subject   per formed  the sequence w i t h o u t  
fumbl ing   wh i le   b l ind fo lded.  It was b e l i e v e d   t h a t   t r a i n i n g   t o   t h i s   l e v e l  demon- 
s t r a t e d  an adequate  task  performance  level   and  that   indiv idual   d i f ferences i n  
the  sk i  11 requi   red  to   per form  the  task sequence  would  be  minimi zed. 

The t a s k  box  used f o r   t h e   r e s t r a i n t   t e s t s  i s  i 1 l u s t r a t e d   i n   F i g u r e  4-105. 
The maintenance  tasks  represent  removal  and  replacement o f  components i n  keeping 
w i t h   t h e   c u r r e n t  space  maintenance  concepts.  Additional  tasks o f   f i n e   a d j u s t m e n t  
and manipulat ion were inc luded  a long with la rge   to rque  tasks   assoc ia ted   w i th   the  
l e v e l  and hand  wheel. 

The task  box was pos i  ti oned i n  an access  openi  ng o f   t h e  mockup. The access 
opening i s 30 in .   h igh  and 40 in.  wide.  Three  posit ions  were  used  to  increase 
the   depth   o f   reach  fo r   the   sub jec t .  The f i r s t   p o s i t i o n   o f   t h e   t a s k  box i s   f l u s h  
w i  t h   t h e   f r o n t  edge o f   t h e  access  opening,  the  second p o s i t i o n   i s  6 in.  back  from 

access  opening. 
' t h e   f r o n t  edge, and t h e   l a s t   c o n d i   t i o n   i s  9 in .   back  f rom  the  f ront  edge o f   t h e  

F igure 4-106 dep ic t s   t he   con f igu ra t i on  o f  the  spacecraf t  mockup sect ion.  
The task  box was l o c a t e d   i n   t h e  30 in .   by 46 in.  hatchway.  Figure 4-107 dep ic ts  
t h e   l o c a t i o n   o f   t h e   a s t r o n a u t / s u b j e c t   i n   t h e  cage r e s t r a i n t   w i t h   r e s p e c t   t o   t h e  
spacecraf t  mockup, the  task box, and t h e   l o c a t i o n   o f   t h e   l o a d   c e l l .   F i g u r e  4-108 
presents   the same i n f o r m a t i o n   f o r   t h e   u t i  1 i z a t i o n   o f   t h e  Gemini  ''dutch shoe" 

, . .  
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TEST NO. OBSERVER SUBJECT  DATE 

Task 
Time No. 
Task 

I 

2 

3 

4 

5 

6 

- 

- 

L 

Task Sequence 

Release housing  over gage. Release l ock ing  screw  on gage 

gage and a t t a c h   t o   t o o l   k i t .  
and se t  gage to   read "IO." Reset lock lng  screw. Reme 

Hand f r e e   o f  gage 

box. Replace  housing  and secure  fasteners. 
Procure  replacement gage fran to61  k l t  and I n s t a l l  on task 

-Hand f r e e  of houslng 

Remove f l e x i b l e   t u b i n g  fran task box, a t t a c h   t o   t o o l  
. k i t .  Procure  replacement and a t t a c h   t o   t a s k  box. 

+"----- Hand f ree   o f   tub lng  

Remove houslng No. 2 and a t t a c h   t o   t o o l   k l t .  Exchange 
quick  dlsconnects  and  replace  houslng  cover. 

c-" Hand f r e e   o f  hous ing  
~ ~ ~ ~ _ _  

I n s t a l l   l e v e r  and a l i g n  RED arrow. W i t h   l e f t  hand p u l i  
twlce  and  push  twlce. DISCRETE  ACTS. 

~~~ ~ 

Hand o f f   l e v e r  

P lace   r i gh t  hand  on lever  and p u l l   t w i c e  and  push  twlce. 
DISCRETE  ACTS. Remove l ever  and  p lace  in   ho lder .  

Hand f r e e   o f   l e v e r  

Procure "T" wrench  and  place  lanyard on wr l s t .  Open 
door.  Loosen terminal  nuts  and  wlres.  Loosen  captlve 
nuts. Remove box  and tu rn  180 degrees. 

Turning  of   box 

Reposl t lon box, pos l t l on   w i res  and t lghten  termlnais.  

door  and  latch.  Return  wrench t o   k i t .  
F inger   t lgh ten   cap t lve   bo l ts ,  wrench t lght ,   c lose 

Hand o f f  wrench 

Turn  hand  wheel. 
Clockwise 1 
Clockwise 
Counter  clockwise 
Counter  clockwlse 

Olscrete 1 acts  

c" Hand on  wrench 

maximum. Break top  two l e f t  hand b o l t s  loose 
Procure wrench. Torque two top   r l gh t  hand b o l t s   t o  

-Wrench touch lng   f ron t   bo l t  

Torque  two f r o n t   r i g h t  hand b o l t s   t o  maximum. Break 

t o o l   k i t .  
two f r o n t   l e f t  hand b o l t s  loose. Replace  wrench I n  

Hand f r e e   o f  wrench 

Equipment 

Tool k l t  secured I n  
p o s i t l o n   p r i o r   t o  
s t a r t i n g   t e s t  

Replacement gage 

5.4 in.  open  end 
wrench  on  lanyard 

Figure 4-104. Restraint  Test  Task  Sequencing 
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Figure 4-105 Task Box 

TASK BOX 

4 .  INSTRUHDlT FOR F INE ADJUST 
5. RMOVABLE AN0 REPLACWENT 

6. TUBING AN0 CONNECTORS  FOR 

B. VARIABLE S IZE ACCESS OPENING 
7. LARGE FORCE WO WHEEL 

9.  ELECTRICAL  WIRING  AN0 CONNECTORS, 

IO. TORQUE HFASUREHENT I N  TU0 

COMPONENT 

HANIPUIATION 

PLUS COnPONENT REPLACWENT 
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I- LOAD CELL 

PULL- PUSH LEVER 

TORQUE  WHEEL 

FWD POSITION 

DIMENSIONS  SHOWN 
ARE TEST  CONDITIONS 

Figure 4-107. Cage Restraint Geometry 
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Figure 4-108. Foot Restraint and Strap  Geometry 
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restrdtnts. Figure 4-109 presents  the geometry of  the  dutch shoe foot  restraint  
with. respect  to  the load cell .  

The variables manipulated dur ing  the  res t ra int   tes ts   are  summarized i n  
Table 4-5. T h i s  table  also  identifies  the  test   identification code  numbers 
entered i n  the  test  log, the  task sequence t iming  sheets, t h e  various  recording 
data  toolsJ and the f i  l m  record. Thus,  t e s t  number 1-2-3 identifies:  

I = the Gemini foot  restraints combined w i t h  two adjustable waist: 
straps;  2 = t h e  task box positioned 6 i n .  back  from the  front edge 
of the mockup; 3 = the  subject (Clegg) 

TABLE 4-5 

RESTRAINT TEST IDENTIFICATION NUMBERS 

F i r s t  D ig i t  1-4 
Restraint Devices 

I I 
Gemini 12 foot 
and waist  strap 
restraints  

I 2 

Gemini I2 foot 
and  single  strap 
restraint  

I 3 

R i g i d  leg 
restraint  and 
safety 1 i ne 

4 

Cage rest  ra i n t 
and safety  line 

Second Dig i t  1-3 
Distance  of Task 

Box from Front of Mockup 

I 

Flush wi  t h  front edge of 
mockup 

2 

Recessed 6 in .  from front 
edge of mockup 

3 
Recessed 9 i n .  from front 
edge of mockup 

L 
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Third D i g i t  1-8 
Subject  Identification 

Number 

I 

Barnes 

3 

c1 egg 

4 

Lockwood 

5 

Pai  ge 

6 

Perry 

7 

Rome ro 

8 

Whi tney 

I 

I 
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Figure 4-109. Foot  Restraint - Plan Geometry 
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Performance  Data 

The bar  graphs  (Figures 4-1 IO through 4-1 16) dep ic t   the  mean t i m e   f o r   a l l  
subjects  to  complete  each  task  element. The las t   bar   g raph  (F igure  4-1 16) 
depic ts   the mean t o t a l   t i m e   f o r   a l l   s u b j e c t s   t o   a c c o m p l i s h   t h e   c o m p l e t e   t a s k  
sequence ( I I task  e lements)  on  the  task box.  The bar  graphs compare the   th ree  
res t ra in t   t ypes :   du tch  shoes  and te thers;   dutch shoes and  strap;  and  the ca.ge 
r e s t r a i n t   l a b e l e d  A, B, and C ,  respec t ive ly .  The bar  graphs  also compare the  
e f f e c t   o f   t h e   d e p t h   o f   t h e   t a s k   b o x   a t  0, 6, and 9 i n .   f r om  the   f ron t   su r face   o f  
t he   veh ic le  mockup.  The r e s u l t s   o f   t h e   a n a l y s i s   o f   v a r i a n c e   o f   t h e   t i m e   d a t a  
a re   t abu la ted   d i rec t l y   be low  each   se t   o f   ba r  graphs. 

I n   rev iew ing   t hese  data, it i s   a p p a r e n t   t h a t   s t a t i s t i c a l l y   t h e   t y p e s   o f  
r e s t r a i n t  employed fo r   a lmos t   eve ry  one o f  t he   t ask   e lemen ts   d i f f e red   s ign i f i -  
can t ly .  The general   order was B, C ,  A; dutch shoes and  strap; cage; and  dutch 
shoes and  tethers,   respect ively.  The d e p t h   o f   t h e   t a s k   b o x   s i g n i f i c a n t l y  
a f fec ted   per fo rmance  t ime  in   on ly  one  case ( task  e lement 6 ,  push  and p u l l   o f   t h e  
lever ) .  The box  depth was n o t   a f f e c t e d   i n   t h e   o t h e r  cases  because the   sub jec ts  
u s i n g   e i t h e r   c o n f i g u r a t i o n   o f   t h e   d u t c h  shoes r e p e a t e d l y   l e f t   t h e  shoes t o  
perform  the deep tasks. They could  perform  the deep tasks   on ly  because o f   t h e  
p e c u l i a r i t i e s   o f   t h e   t e s t   s i t u a t i o n   w h i c h   a l l o w e d  them t o  wedge themselves i n t o  
the  opening  and  to   react   against   the  top  or   s ide  o f   the  access  ho le.  The bas i c  
c r i t e r i o n   f o r   t h e   t e s t   o f   t a s k   p e r f o r m a n c e   f r o m   t h e   r e s t r a i n t  was t h a t   o n l y   t h e  
cage r e s t r a i n t  was usable  under a l l   t e s t   c o n d i t i o n s .  

F igures 4-117 and 4-118 p l o t   t h e  mean t o r q u e   v a l u e s   o b t a i n e d   f o r   a l l  
s u b j e c t s   t o r q u i n g   t h e   b o l t s   o n   t h e   f r o n t  and t o p   o f   t h e   t a s k  box, respec t ive ly .  
S i g n i f i c a n t l y  1 igh ter   to rque  va lues  were  obtained  on  the  f ront  bo1 t s   u t i 1   i z i n g  
the  cage  and  on the   t op   bo l t s   us ing   t he   du tch  shoe and  s t rap   con f igura t ion .  The 
t o r q u e   a c h i e v e d   w i t h   t h e   t o p   b o l t s   i s   s u b s t a n t i a l l y   h i g h e r   t h a n   t h a t   w i t h   t h e  
f r o n t   l o c a t i o n   w h i c h   i s   t h e   r e v e r s e   o f   w h a t   w o u l d  be  observed a t   e a r t h   g r a v i t y  
cond i t ions .  

Phys io log ic  Data 

The to ta l   ene rgy  above the   res t ing   va lues  was d e t e r m i n e d   f o r   a l l   s u b j e c t s  
ac ross   each   res t ra in t   sys tem  tes ted   by   t he   t echn ique   desc r ibed   ea r l i e r   i n   t h i s  
sect ion.  Data  were no t   ob ta ined for  t h e   r i g i d   l e g   r e s t r a i n t  for the  reasons 
noted  under  the human engineer ing  observat ions.  The to ta l   energy   used  to   per -  
form  work i n  each o f   t h e   o t h e r   t h r e e   r e s t r a i n t  systems i s  shown i n  Table 4-6 
and   g raph ica l l y   i n   F igu re  4-119. A s t a t i s t i c a l   a n a l y s i s   o f   t h e s e   d a t a   r a n k e d  
t h e   r e s t r a i n t s   w i t h   t h e  cage hav ing a h ighe r   me tabo l i c   cos t   t o   pe r fo rm  the  
t a s k   t h a n   e i t h e r  of t h e   o t h e r   t w o   r e s t r a i n t s   ( p  < 0.01). The use o f  the  two 
dutch shoe c o n f i g u r a t i o n s   d i d   n o t   p r o d u c e   d i f f e r e n t   d a t a   s t a t i s t i c a l l y .  The 
h ighe r   me tabo l i c   cos ts   no ted   w i th   t he  cage r e s t r a i n t  were due to   h igher   energy  
c o s t   o f   u s i n g   t h e   r e s t r a i n t  system,  i.e., m o b i l i t y   w i t h i n   t h e   r e s t r a i n t .   A l s o ,  
the  subjects   could  develop a g r e a t e r   f o r c e   f i e l d   w h i l e   u s i n g   t h i s   r e s t r a i n t .  
Therefore,  even  though  the  energy  costs  were  higher,  the  subject was a b l e   t o  
perform more  work e f i i c i e n t l y .  The cage r e s t r a i n t   i s   c o n s i d e r e d   t h e   b e s t   a l l -  
a round   res t ra in t  system tes ted  even  though  each  restraint  system has s p e c i f i c  
a t t r i bu tes   wh ich   a l l owed   ce r ta , i n   t asks   t o  be  performed  easier  and more e f f i c i e n t l y .  
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TABLE 4-6 

TOTAL ENERGY I N  KCal FOR  THE  MAINTENANCE  TASK 
FOR  THE SIX SUBJECTS 

T 
Rest  ra i n t  Types 

Gem in i Foot 
and 
Straps ( A )  

Gem i n i Foot 
and 
Safety  Line(B) 

Cage 
and 
Safety  Line( C )  

F1 ush 

76.95  k14.39 

51.67  26.71 

70 .  19 214.07 

6 in. 

45.78  214.43 

54.04 k12 .22  

67.39  k20.65 

9 in. 

51.  13 k10.21 

54.82  k5.47 

82.68  k32.84 

Mean ? I  standard  deviation 
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The d e p t h   p o s i t i o n s   o f   t h e   t a s k   b o x   d i d   n o t   d i f f e r   s i g n i f i c a n t l y   w i t h i n  
any r e s t r a i n t  system  because t h e   s u b j e c t s   l e f t   t h e   d u t c h   r e s t r a i n t  systems t o  
reach  the deep tasks. I f  the  subjects had been r e s t r i c t e d   i n   t h e i r   m o b i l i t y  
w i th in   these  res t ra in ts ,   d i f fe rences   undoubted ly   wou ld  have  been  noted. 

Table 4-7 presen ts   t he   res t i ng   da ta   f o r   t he   s i x   sub jec ts   f o r   each   t es t  
mode; in   add i t ion ,   the   average  energy   cos ts   above  res t ing   fo r  each mode a r e  
given. These averaged  va lues  were  determined  by  d iv id ing  the  to ta l   energy '   for  
the  task shown in   Tab le  4-6 b y   t h e   t o t a l   t i m e   o f   w o r k   f o r  each  subject. The sum 
of  the  rest ing  values  and  the  average  values  above  rest  shown i n   t h i s   t a b l e  
provides an index  of  the  average  metabol ic   ra tes  dur ing  the  work  task.  The 
summation shows that,   on  the  average,  the  subjects  paced  their   work  ef for ts 
and maintained a l igh t -modera te   to   modera te   work   leve l   over   the   en t i re   task .  

Hear t   ra tes  dur ing  rest   and  whi le   per forming  the  maintenance  tasks  are 
presented  in   Table 4-8. A cu rso ry   l ook   a t   t he   ra tes   no ted   f o r   res t i ng  shows 
a t   l e a s t   f o u r   i n s t a n c e s  where some anx ie ty   ex is ted .  The o the r   res t i ng   da ta  
a r e   t y p i c a l   o f   i n d i v i d u a l s   s t a n d i n g   a t  I g. However, no s t a t i s t i c a l   d i f f e r -  ' 

ences e x i s t e d  between  any r e s t i n g   v a l u e s   o v e r   a l l   t h e  modes. The working 
hear t   ra tes   a re   genera l l y   lower   than  expec ted   fo r   the   metabo l ic   ra tes  measured. 
Working mode h e a r t   r a t e s   w e r e   n o t   s i g n i f i c a n t l y   d i f f e r e n t .  

E x p i r e d   v e n t i l a t o r y  volumes a r e  shown i n  Table 4-9. R e s t i n g   v e n t i l a t o r y  
va lues  are  in   the  range  expected with seve ra l   o f   t he   va lues   i n   t he   upper   l im i t s  
o f   t h e  normal  range i n d i c a t i n g  a t r e n d   f o r w a r d   t o   t h e   h y p e r v e n t i l a t i o n   o f  
anx iety .  These s l i g h t l y   i n c r e a s e d  volumes correspond to  t h e   s l i g h t l y   i n c r e a s e d  
res t ing   hear t   ra tes   no ted  above. V e n t i l a t o r y  volumes  were n o t   s i g n i f i c a n t l y  
d i f f e r e n t   f o r  any t e s t  mode d u r i n g  work. However, the  h igher  mean v e n t i l a t o r y  
ra tes  measured d u r i n g   t e s t s   w i t h   t h e  cage r e s t r a i n t  system  correspond t o   t h e  
h igher   metabol ic   ra tes  noted above f o r   t h i s  system. 

React  ive Loads Anal  ys i s  

The loads  induced  by  the  subject   and  reacted  by  the  restraint   devices 
were   eva lua ted ;   they   ind ica te   tha t   the   res t ra in t   a t tachment   to   the   p r imary  
s t r u c t u r e  must  be  designed t o   w i t h s t a n d   t h e  maximum poss ib le   l oad   t ha t  has t o  
be reacted  f rom  an  astronaut  performing  speci f ic   tasks.  

The  maximum loads  measured  were  obtained f o r  a s h o r t   d u r a t i o n   o f  time. 
These are  impuls ive  loads,   and  the  durat ion  o f   appl icat ion  f rom  s tar t - to-peak-  
to-zero i s  approximately 0. I t o  0.3 o f  a  second. Sustained  loads  are  very 
smal l   and  ins ign i f i can t   in   the   des ign   o f  a r e s t r a i n t  system. The sustained 
loads  occur when t h e   s u b j e c t   b r a c e s   h i m s e l f   w i t h i n   t h e   r e s t r a i n t   s y s t e m   t o  
m a i n t a i n  a p a r t i c u l a r   p o s i t i o n   w h i l e   w o r k i n g .  The longest  sustained  load was 
approximately 55 sec  (Test No. 418) and was apparent ly  due t o  a p o s i t i o n  
des i red   fo r   accompl ish ing   tasks  I and 2 which  required  very l i t t l e  force.  The 
v a l u e   o f   t h i s   s u s t a i n e d   f o r c e  was 20 t o  27 l b   d u r i n g   t h e   p e r i o d   o f  time. 
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TABLE 4-7 

Rest ra in t  Type 

Gemini  Foot 
and 
Straps 

Gem i n i Foot 
and 
Safety  Line 

Cage 
and 
Safety  Line 

AVERAGE ENERGY COST I N  KCal/Min FOR  THE 
MAINTENANCE  TASK  FOR  THE S I X  SUBJECTS 

Depth o f  Task Box 

F1 ush 

Rest 0.80 20.09 

Work 3.34 20.55 

Rest 1.07 20.37 

Work 3.62  20.87 

Rest I .03 +O. 20 

Work 4.24 - + I .  15 

Mean + I  standard  deviat ion 

6 in. 

I .68  20.69 

2.  19 20.62 

1.12 20. 19 

5.40 20.89 

1.01 20. 14 

3.66  21.39 

9 in. 

1.22  20.16 

2.60 50.48 

1 .  18 20.30 

3.  18 k0.23 

1.52 20.80 

3.90 k1.56 
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TABLE 4-8 

. HEART  RATES (BEATS/MIN) FOR 
PERFOWING  THE  MAINTENANCE  TASKS 

Depth o f  Task Box 

Rest  ra i n t Types 9 in. . 6 in. F1 ush 

Gemini  Foot  Rest 
and 

94 26 73.8  522.2 70  217. I 

121 25 106 +I  1 .  I 103.3 kI 1.5 S t  raps Work 

Gemini  Foot  Rest 83.2  k12.6 91 k15.6 94.4  k18.2 
and 
Safety   L ine Work I 19.2 219.0 I16 517.3 I14 214.5 

Cage Rest 74.7 27.0 75.2  k11.9 77 119.2 
and 
Safety   L ine Work . I 11.3  +7.5 107.5 212.8 113.4 217.6 

I 

TABLE 4-9 

EXPIRED VENTILATION (LITERS/MIN BTPS) 
WHILE  PERFORMING  THE  MAINTENANCE  TASKS 

Depth  of  Task Box 

Rest  ra i n t  Types 9 in. 6 in. F1 ush 

Gemini  Foot  Rest 
and 

10.3 20.47 IO. 08 k0. 73 8.42  k1.74 

25 25.09 23.16  k3.93 26.83 k2.9 I Straps Work 

Gemini  Foot  Rest 

30.  I6  k3.  I3 28.66  k3.64 Safety   L ine Work 
and 

11.16  k1.57 10.83  22.91 

Cage Rest 8.83  k1.86  9.33  k0.94 
and 
Safety   L ine Work 32 23.36 30.33  k3.64 

11.2  21.72 

29.8 2 I . .  94 

11.4 24.63 

32.2  25.74 

I 

eo I 



The r e s t r a i n t   l o a d   c e l l s   r e g i s t e r e d   l o a d s   i m p a r t e d   t o   t h e   s t r u c t u r e  from 
t h e   s t a r t   o f   t h e   t e s t   t h r o u g h o u t   t h e   t e s t .   R e s t r a i n t   l o a d s   a r e   g e n e r a l l y  
i n s i g n i f i c a n t   f o r   t a s k s  I ,  2, 3, 4, 7, and 8 i n   wh ich   t he   sub jec t   ob ta ined   t oo l s  
and d i d   l i g h t  work when compared w i th   the   o ther   tasks   wh ich   requ i red   la rger  
fo rces   to   per fo rm  the  work. Genera l ly   the  largest   loads were  induced i n t o  
the   s t ruc tu re   du r ing   t asks  IO and I I when t o r q u i n g   t h e   b o l t s   t o  maximum.  The 
next   largest   loads were  i-nduced dur ing  tasks 5 and 6 when pushing  and  pu l l   ing 
the   lever .  The loads  induced  during  task 9, t u rn ing   t he  hand  wheel,  were on ly  
about 30 pe rcen t   o f   t he  maximum task  loads  observed. The res t ra in t   l oads   on  
the   pu l l -push  tasks  (5 and 6) show t h a t   t h e   s u b j e c t   u s u a l l y  uses a d d i t i o n a l  
support on t h e   p u l l   p o r t i o n   o f   t h e   t a s k  and l i t t l e   a d d i t i o n a l   s u p p o r t   f o r   t h e  
push  port ion.  

The pu l l -push  lever  was a l s o  used  as  an  addi t ional   rest ra in t   (hand-hold)  
shown b y   t h e   f a c t   t h a t   a t   t h e  end o f  a push  the  subject   used  the  lever  as a 
hand h o l d   t o   s t o p   h i s  body movement away frm the  work  place. A good example 
o f   t h i s  was shown dur ing   Tes t  221 ( f o o t   r e s t r a i n t   a n d   s i n g l e   s t r a p ) .  The load 
c e l l   t r a c e   i s  shown i n   F i g u r e  4-120 w h i c h   i s  a t r a c e   o f   t a s k  6; the  events 
w i th   pe r t i nen t   i n fo rma t ion   a re   no ted   as  I ,  2, 3, and 4 corresponding  to  push, 
push, pu l l ,   pu l l ,   r espec t i ve l y .  The push  loads  imparted  by  the  subject  were 
cons iderab ly   less   than  the   pu l l  loads,  and the   reac t i on   l oads   were   s ign i f i can t l y  
g rea ter   fo r   the   push  loads   ind ica t ing   tha t  a conven ien t   add i t iona l  hand h o l d  
was n o t   a v a i l a b l e  or n o t  used in   t he   push   po r t i on   o f   t h i s   t ask .   Even ts  3 and 4 
a l s o  show t h a t   t h e r e  was .a r e v e r s a l   o f   r e a c t i o n s   a f t e r   t h e   a c t i o n   w h i c h   i n d l -  
ca tes   tha t   the   sub jec t   he ld   on to   the   lever   and  he lped  s top   h is  body i n e r t i a l  
forces. 

The a p p a r e n t   c r i t e r i a   f o r   r a t i n g  a r e s t r a i n t   a r e   t h e  ease o f   p o s i t i o n i n g  
and  the   work   fo r   the   task   to  be accomplished. The r i g i d   l e g   r e s t r a i n t   p r o v i d e d  
n e i t h e r  of these  advantages  as shown by  the  cont inuous change o f  loads, du ra t i on  
o f   t h e  task,  and  the  apparent f a i l u r e   t o  accompl ish  the  tasks.  The t a s k s   w i t h  
the   f oo t   and   two-s t rap   res t ra in t  were v e r y   s i m i l a r   t o   t h e   f o o t   r e s t r a i n t   w i t h  
a s ing le   s t rap .  However, i n   seve ra l   o f   t he   two-s t rap   res t ra in t   con f i gu ra t i ons ,  
the  load  data show c o n s i d e r a b l e   a c t i v i t y  on the   s t rap   res t ra in t s .   Usua l l y  one 
s t r a p   i s  used  throughout  the  test ;   test  I I5 exempl i f i e s   t h e   e x t e n s i v e  use o f  
the   s t raps .   Th is   tes t   took   longer   than  the   average  to   accompl ish .   In i t ia l  
adjustments  were made d u r i n g   t h e   f i r s t   t a s k s  so t h a t   t h e   s t r a p s   d i d   n o t   h i n d e r  
the   sub jec t ' s   work   and  a t   the  end, the   s t raps  were again  used when g ross l y  
d i f f e r e n t   p o s i t i o n s  were r e q u i r e d   t o  do the  work.  These f a c t o r s   i n d i c a t e   t h a t  
two s t raps   a re   no t   as  good as one i n   c o m b i n a t i o n   w i t h   t h e   f o o t   r e s t r a i n t .  
Severa l   t imes  dur ing  the  tests ,   there  is   no  ev idence  o f  a load  be ing   app l ied  
through  the foot r e s t r a i n t .  The only   account  for  t h i s   i s   t h a t   t h e   s u b j e c t  
removed h i s   f e e t   e n t i r e l y  from t he   res t ra in t   and  found o the r  methods t o   r e s t r a i n  
h imse l f ,   wh ich   aga in   i l l us t ra tes   t ha t   o the r  methods t h a n   t h e   r e s t r a i n t s  
p rov ided  were   used  fo r   ho ld ing   h is   pos i t ion .  

The mean va lues   o f   the  munents  induced  on  the  spacecraft mockup a r e   l i s t e d  
i n  Table 4-10. The bending moments i n   t h e   v e r t i c a l   p l a n e  (HV),. t h e   l a t e r a l  

p lane ( M ~ ) ,  t he   t o rs iona l  moment (T) a t   t h e   p o i n t  of a t tachmen t   o f   t he   res t ra in t  

system t o   t h e   s p a c e c r a f t   a r e   t a b u l a t e d   i n   t h i s   t a b l e .  The values shown f o r  
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TABLE 4-  10 

MEAN  VALUES OF MOMENTS 
IMDUCED I N  T H E   S P A C E C R A F T   A T   R E S T R A I N T   A l T A C H   P O I N T  

Grmlnl 
Task Gernlnl Strap 

Hvnber and Fmt, In-lb safety Llne In-lb Safety Llnc In-lb 
Foot and Cage and 

T - 460 

n, - 400 

n, - 200 

H, - 440 

n, - 200 

n, - 400 
n, - 1 0 0  n, - 200 

n, - 200 

T - 400 T 150 

nv - 400 n, - 200 

MI - 200 

T - I50 T - 200 

n, - 200 

H, - 060 n, - 200 

n, - 200 n, - 200 

F - 460 T - 2 5 0  

n, - 400 Hv - I50 n, - 300 

4 
M, 250 H, - 250 n, - 1 0 0  

n, - 1560 

5 HI - I420 

T - 460 

H, - 1500 

6 HI - 950 

T - 1150 

n, - 400  

7 n, - I50 

T - 200 

n, - 200 

8 n, - 200 

T - 200 

nv - 220 

9 HI - 950 

T - 460 

n, - 700 

10 MI - 950 

T - 700 

n, - 900 

I ,  n, - 500 

T - IC60 

M, - 1 1 0 0  

T - 400 T - 460 

H, - 580 HI - 960 

H" - 880 

Hv - I320 

T -?X T - 500 

n, - 700 HI - 760 

M, - 880 

n, - 400 

HI - 200 n, - 200 

n, - 400 

T - 300 T - 1 0 0  

nv - 300 

n, - 1 0 0  n, - 200 

M, - 150 

T - 350 T - 200 

nv - 400 
HI -600 HI - 900 

Hv - 650 

T. - 460 T - 440 

n, - 700 Hv 450 

MI - 780 

Hv - 960 H, - 1350 

T - 950 T - 400 

n, - lo00 

n, - 200 HI - 440 

T - 860 T 1380 

Correspondlng 
Tesk LMdr 

Colum ln . - lb  

I 900 

2 950 

3 I080 

I 976 

2 900 

3 l o o 0  

I 350 

2 800 

3 

66 I 

150 

2 

1 2  I 

70 3 

98 

2 47 

3 eo 
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task4 9~ 6, 9,  IO, and I I are   t he  mean values of the  maximum loads  induced for 
the   sbec i f i c   h igh   work   e lement   w i th in   these  tasks .  

The loads i n   T a b l e  4-10 i l l u s t r a t e  tha t ,   dur ing   the   l igh t   work  tasks, the  
Gemini f o o t   a n d   t w o - s t r a p   r e s t r a i n t   d i f f e r   l i t t l e  from the Gemini f o o t   r e s t r a i n t  
w i t h  a s ing le   s t rap .  The cage res t ra in t   l oads   du r ing   t hese   t asks  show substan- 
t i a l l y   l o w e r  loads,   which  ind icates  that   the  subjects   impar ted  lcwer   loads  to  
the   spacecra f t   wh i le   per fo rming   the   l igh t   work   tasks   than  the   o ther  two 
restraints.   Dur ing  the  push-pul l   tasks ( 5  and 6 ) ,  the  load measured i n   t h e  
l e v e r  was h i g h e r   w h i l e   u s i n g   t h e  cage r e s t r a i n t   t h a n   t h e   o t h e r   r e s t r a i n t s ,  and 
the   loads   induced  in   the   s t ruc tu re  were  lower, i n d i c a t i n g   t h a t   t h e   s u b j e c t  
could  work more e f f i c i e n t l y . u s i n g   t h e  cage. T h i s   i s   a l s o   t r u e   f o r   t h e   t o r s i o n  
l e v e r   t a s k  ( 9 ) .  The bes t  summary o f   the   loads   i s   ob ta ined  by   combin ing   the  
ve r t i ca l   and   l a te ra l   bend ing   l oads   i n to  one v e c t o r   a s   i n   t h e   f o l l o w i n g  example: 

- 
M =  

For  task 

- 
M =  

For  task 

- 
M =  

For  task 

- 
M =  

For  task 

- 
M =  

IO, f o o t   r e s t r a i n t  and s ing le   s t rap :  

4- 700 3. 780 = 1050 in. - 1  b 

IO, cage r e s t r a i n t :  

d E 2  + *' = I100 K . - l b  

I I J f o o t   r e s t r a i n t  and s ing le   s t rap :  

I I , cage r e s t r a i n t :  

+ z 2  + 440' = 

The r a t i o   o f  work  load  to 
tasks i s   t h e   b e s t   i n d i c a t o r   o f  
r a t i o   i s   d e f i n e d  as fo l lows:  

1050 in . - lb  

loads  induced t o   t h e   s t r u c t u r e   f o r   t h e   v a r i o u s  
the adequacy of t h e   r e s t r a i n t  system. Th is  

R =  

and R =  
PP 

task  load 
reacted  load 

push-pu l l   load  ( in-1  b) 
i;i ( in . - lb)  
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R =  T 
t o r s i o n   l e v e r   l o a d   ( i n . - l b )  - 

M 

- 
R~~ - 

b o l t   t o r q u e   l o a d   ( i n . - l b )  - 
M 

where i s  the  vector  sum o f   t h e  moments i n   t h e   v e r t i c a l  and la te ra l   p lanes .  

T h i s   r a t i o   f o r   t a s k s  5, 6, 9, IO, and I I i s  g iven   in   Tab le  4-11 which 
shows the cage  as  the  generally  most e f f i c i e n t   r e s t r a i n t  system. 

TABLE 4-  I I 

TASK  RATIOS FOR RESTRAINT  SYSTEMS 

Task and 
R a t i o  

T 
Foot and 

Two S t  raps 

0.43 

0.55 

0.36 

0.67 

0.49 

R e s t r a i n t  

Foot and 
One Strap 

0.65 

0.592 

0.81 

1.12 

0.42 

Cage 

I .02 

0.89 

0.85 

0.76 

0.68 

General  Observations 

Gemini 12 f o o t  and  two wa is t -s t rap   res t ra in ts . - -No new outs tanding 
b e n e f i c i a l   r e s u l t s  were. observed fo r   the   doub le   s t rap /du tch  shoe r e s t r a i n t  
combination. The major  advantage o f   t h e   s t r a p   r e s t r a i n t s  i s  the  freedom  of 
movement they   p rov ide   fo r   the   sub jec t ' s   upper  body. The sub jec ts   var ied  
g r e a t l y   i n   t h e i r   a b i l i t y   t o  use  the  s t rap  rest ra in ts   to   advantage.   Th is  i s  
l a r g e l y   a t t r i b u t e d   t o   t h e   s u b j e c t ' s  w i  1 1  ingness t o  move t h e   r e s t r a i n t s   t o  
d i f f e ren t   connec t ing   po in ts   as   we l l   as   t he   necess i t y   t o   l eng then   and   sho r ten  
them as   t he   pos i t i on ing  and s t a b i l i t y   o f   t h e   t a s k   r e q u i r e d .  It i s   e s s e n t i a l  
f o r   . t h e   s u b j e c t ' s   s t a b i l i t y   t o   l o a d   t h e   s t r a p   r e s t r a i n t s   b y   e x e r t i n g  upward 
o r  backward  pressure  by  the  legs. To ensure th i s   cond i t i on ,   t he   s t rap  
r e s t r a i n t s  must  be  constantly  manipulated  by  lengthening  and  shortening them. 
Sub jec ts   genera l l y   s ta r ted   the   task  sequences w i t h  good s t a b l e   p o s i t i o n   b u t   a s  
the   t es t   p rog ressed ,   t hey   f a i l ed   a t  some p o i n t   t o  make ad jus tments   in   the   s t rap  
r e s t r a i n t s  and  consequent ly   los t   con tac t   w i th   the   du tch  shoes. The sub jec t  
t h e n   e i t h e r   f l o a t e d   f r e e   o r   f e l l   t o  one side. A t  such  t imes,  product ive  task 
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t ime was l o s t   a s   t h e   s u b j e c t   s t r u g g l e d   t o   r e g a i n   t h e   o r i g i n a l   p o s i t i o n   w i t h  
b o t h   f e e t   f i r m l y   p l a c e d   i n   t h e   d u t c h  shoes. 

Many tasks   were   success fu l l y   pe r fo rmed   w i th   bo th   f ee t   f i rm ly   se t   w i th in  
the  dutch shoes and   w i th   t he   app rop r ia te   t ens ion  on t h e   s t r a p   r e s t r a i n t s .  
These  cases, wi thout   except ion,   were  tasks  wel l   forward  in   the  work/ reach area, 
i.e., when the  task  box was f l u s h   w i t h   t h e   f r o n !  edge o f  .the  access  opening, 
and  were espec ia l l y   t rue   fo r   tasks   tha t   requ i red   smal l   fo rces .  The se t t i ' ng  
a n d   b r e a k i n g   o f   t h e   e i g h t   b o l t s  on t h e   f r o n t   o f   t h e   t a s k   b o x  were another 
mat ter .  Seldom was a s u b j e c t   a b l e   t o   p e r f o r m   t h i s   t a s k   w i t h o u t  coming 
p a r t i a l l y   o r   c o m p l e t e l y   o u t   o f f h e   d u t c h  shoes (see  Figures 4-121 t o  4-122). 
I f  poss ib le ,   t he   sub jec t   kep t   t he   t oes   o f   h i s   f ee t  in t h e   f r o n t   a r e a   o f   t h e  
Gemini  shoes w i t h   h i s   h e e l s   r i s i n g  up t o  4 in.  above  the  heel ( f l o o r )   o f   t h e  
Gemini shoe. I n   t h i s   p o s i t i o n ,  when large  muscular   force was required,  the 
sub jec t  had t o   g a i n   p o s i t i o n a l   s t a b i l i t y   b y   h o l d i n g   o n t o   t h e   s t r u c t u r e   o r  
task box w i t h   h i s   f r e e  hand. Unless  the  subject  was w i l l i n g   t o   o b t a i n  a 
t o r s o   p o s i t i o n  so t h a t   h i s  two  arms c o u l d   f u l l y  oppose  one  another, h i s   f o r c e  
a p p l i c a t i o n  was less  than maximum. The correct   procedure was demonstrated  and 
p rac t i ced   by  each subject ,   but   in   genera l  i t  was performed  only by those 
sub jec ts  who had  background  experience i n   t h e   u s e   o f   t o o l s .  

When the   sub jec ts  worked  on  tasks i n   t h e   f r o n t   a r e a   o n   t h e  box, the 
r e s t r a i n t  system was funct ional   and  s tab le.  However, as  the  tasks  extended 
away from  the  subject  toward  the  back edge o f   t h e   t a s k   b o x   o r   i n t o   i t s  
i n t e r i o r ,   t h e   f o o t   r e s t r a i n t s  had t o  be a t   l e a s t   p a r t i a l l y  abandoned t o  reach 
the  work  (see  Figure 4-123). A t  such  times,  innovations f o r   t h e   r e s t r a i n t s  
were made by   t he   sub jec ts   t o   p rov ide   t he   capab i l i t y   t o   pe r fo rm  the  work. I n  
the  two cond i t i ons  where the  task  box was pos i t i oned  6 and 9 in.   f rom  the 
f r o n t  edge of   the mockup t h e   s u b j e c t   o f t e n   s e c u r e d   h i s   p o s i t i o n   t o   t h e   w o r k   b y  
p l a c i n g   h i s  head in to  the  access  opening  and  then  press ing  the  back  o f   the head 
and  neck  against  the  top edge of   the  access  opening  (see  Figures 4- I24 and 
4-125). By main ta in ing   an  upward p r e s s u r e   w i t h   h i s   f r e e  hand, the   sub jec t  
could  secure some s t a b i l i t y  of pos i t i on .  The p o s i t i o n  was adequate f o r   s m a l l  
wrenching  tasks  and  manipulat ion  o f   too ls   as  long  as  no  great   muscular   force '  
was required. I f  the  task  box had  been l o c a t e d   i n  an  open  area, the   sub jec ts  
cou ld   no t  have ob ta ined   t h i s   pos i t i on   and   p robab ly   wou ld   no t  have  been a b l e   t o  
p e r f o r m   a l l   t h e   t a s k s   u n l e s s  he cou ld  have  remained a t   l e a s t   p a r t i a l l y   i n  
t h e   f o o t   r e s t r a i n t s .  

Had the   mechan ica l   capab i l i t y  been p r o v i d e d   t o   e l e v a t e  and  lower  the 
dutch shoe l e v e l  to an   app rop r ia te   he igh t   f o r  each task  of t he  sequence, the  
sub jec t   cou ld  have u t i 1   i z e d   t h e   r e s t r a i n t   s y s t e m   f u n c t i o n a l l y   t h r o u g h o u t  a 
g r e a t e r   p o r t i o n   o f   t h e   t e s t .  

Many hours o f  work  performed  in  underwater  neutral-buoyancy  tests  conf i rm 
t h e   e f f e c t i v e n e s s   o f   r e s t r a i n i n g   t h e   l o w e r   p o r t i o n s  of the  body du r ing   t ask  
performance.  Furthermore, t h i s  requ i rement  appears t o  be essen t ia l  when con- 
s i d e r a b l e   s t r e n g t h   a p p l i c a t i o n   i s   r e q u i r e d .   S i n c e   m o b i l i t y   i s   a l s o  necessary, 
i t  must  be  concluded  that t,he f o o t   r e s t r a i n i n g  mechanism, dutch shoes o r  
o therw ise ,   must   be   mechan ica l l y   capab le   o f   mov ing   w i th   the   sub jec t   to   h is  
var ious   pos i t ions   requ i red   to   per fo rm  the   task .  
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Figure 4-121.  Subject   Rising Out of  Foot   Rest ra in ts   to  
Enable Him t o  Reach the  Rear of Task Box 



Figure 4-122.  Sub jec t   Tu rn ing   t o   Le f t   t o  Reach Tool K i t  



Figure  4-123. Subject's  Posit ion  to Work on Rear o f  Task Box While  in  Foot 
R e s t r a i n t s .  Back of Helmet i s  Pushing  Against Top  Edge of 
Access  Opening. 



f 

F igu re  4-124. Subject   Pushing on the  S ide of the  Cage With H i s  Knees t o  
Ma in ta in   Pos i t i ona .1  Control of the Legs and Torso Whi le  
Working  on  the  Task Box 



Figure 4-125.  Subject  Working  Inside  the  Task Box, Maintaining  Position 
by Sticking  Legs  Through  the  Side of the  Cage 



Gemini 12 f o o t  and s inq le -s t rap   res t ra in t s . - -Th is   res t ra in t   cond i t i on  was 
se lCk ted   t o   eva lua te   t he   e f fec t i veness   o f   t he  Gemini 12 dutch shoes when they 
werk  not   used  in  combinat ion  wi th  the  waist   straps. These cond i t i ons  were 
a r r i v e d   a t   p r i o r   t o   r e c e i p t   o f   t h e  GFE dutch shoe r e s t r a i n t s .  The hypothesis 
was tha t   t he  Gemini 12 dutch shoe c o u l d   f u n c t i o n  as  a r e s t r a i n t   w i t h ' n o  
addi t ional   hardware  ass is tance.   Dur ing  the  t ra in ing phase o f   t h e  program, i t  
was found  tha t   the   sub jec ts   cou ld   no t   s tay   in   the   du tch  shoes w i thou t  some 
t ype   o f   wa is t   t e the r ing .  The dec i s ion  was  made t o  use  a s ing le   ad jus tab le  
s t rap   ex tend ing  from t h e   f r o n t  she1 1 t o   t h e  mockup, t h e z s t r a p  was at tached 
ad jacent   to   the   sub jec t ' s  sternum. Thus, t h e   r e s t r a i n t   d i f f e r e n c e  was not   as 
c lear ly   separa ted  as o r i g i n a l l y   a n t i c i p a t e d .  I n  .the r e s t r a i n t   c o n d i t i o n  with 
the  waist   straps,  the  subject  was encouraged t o  keep  them p roper l y   ad jus ted  so 
t h a t  he c o u l d   m a i n t a i n   p o s i t i o n i n g   a n d   s t a b i l i t y   i n   t h e   d u t c h  shoes. With  the 
s i n g l e   s t r a p ,   c e n t r a l l y   l o c a t e d   t o   t h e   s u b j e c t ' s   t o r s o   i n   c o n d i t i o n ,  no i n s t r u c -  
t i o n s  were   g iven   to   the   sub jec t   regard ing   h is  use o f   t h e   s t r a p   t e t h e r .  It 
was ant ic ipa ted   tha t   the   sub jec t   wou ld   neg lec t   the  use o f   t h e   s t r a p   t e t h e r  
except when it was e s s e n t i a l   t o  use it t o  keep him from l o s i n g   c o n t a c t   w i t h  
the   f oo t   res t ra in t s .  

Actual ly ,   the  reverse  o f   the above  took  place. The sub jec t  was inc l   i ned  
t o  use  the  s ing le  s t rap more  perhaps  because it d i d   n o t  consume as much t ime 
as  two  straps. Or poss ib ly   the  use o f  a s i n g l e   s t r a p   l o c a t e d   c e n t r a l l y   t o   t h e  
sub jec t ' s .   t o rso   p rov ided   ce r ta in  unknown and  unobservable  advantages  over  the 
two-waist-strap  conf igurat ion.   Possibly,   the  two-strap  system  provides some 
s t a b i l   i z i n g  advantage, a l though  the   s ing le -s t rap  system i s  faster .  

The dutch shoes w i th   t he   s ing le -s t rap   t e the r   p rov ide   t he   sub jec ts   w i th  
a g rea ter  amount o f   t o r s o   f l e x i b i l i t y   t h a n   w i t h   t h e   t w o - s t r a p   r e s t r a i n t  system. 
H i s  v i sua l  and pos i t i on ing   capab i l i t y   a l so   i nc reases   w i thou t   i n te r task  
r e s t r a i n t  changes. 

The s t raps   (doub le   s t rap   o r   s ing le   te ther )  used w i th   the   du tch  shoes  were 
re1  ied on more  than  the  s ingle  strap in the cage r e s t r a i n t .  It i s   b e l i e v e d  
t h a t   t h i s   r e s u l t s  from t h e   a b i l i t y   o f   t h e   s u b j e c t   t o  move  up w i t h i n   t h e  cage 
r e s t r a i n t   t o   u t i l i z e   t h e  rungs  and v e r t i c a l   b a r s   t o   a l t e r   h i s   p o s i t i o n  and 
then  lock it, thus  enabl ing  h im  to   operate  wi th  a longer   s t rap  te ther   and 
s t i l l   t o   m a i n t a i n   p o s i t i o n i n g   c o n t r o l   w i t h i n   t h e   r e s t r a i n t .  

Squat t ing  i s  one p o s i t i o n   a v a i l a b l e   i n   t h e   d u t c h  shoes no t   poss ib le  in  
the   o ther   res t ra in t   cond i t ions .   A l though  on ly  one subject   took  advantage  of  
t h i s   f l e x i b i l i t y ,   t h e   p o s i t i o n  was v e r y   e f f e c t i v e   f o r   b r e a k i n g  and s e t t i n g   t h e  
torques  on  the  f ront  mounted  bo1 t s   o f   t h e   t a s k  box. Squatting  improved  the 
subject 's   v iew  o f   the  work and  a1 lowed  him t o  more f u l l y   u t i 1   i z e   t h e   s t r e n g t h  
o f   h is   legs   in   the   wrench ing   task .  ! 

Caqe res t ra in t . - -Use  o f   the  cage r e s t r a i n t   d u r i n g   t e s t i n g   u n d e r  NASA 
Contract  NAS 1-5875 demonstrated  the  need t o   a d j u s t   t h e  cage t o  conform t o   t h e  
s i ze   o f   t he   sub jec t   and   t he   t ask   a t  hand. The cage r e s t r a i n t   d e s i g n   i s - t o  
con f ine   t he   sub jec t   bu t   a t   t he  same t i m e   p r o v i d e   t h e   m o b i l i t y   t o   t r a n s l a t e   t o  
l e f t  and r i g h t  and t o  move  up and down w h i c h   i s   n o t   a v a i l a b l e   w i t h   o t h e r  . 
res t ra in t   dev i ces .  The cage b u i l t   f o r   t h i s   s t u d y  was designed  to be ad jus tab le  

; 
! 
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l n  w i d t h   a n d   h e i g h t .   P i l o t   s t u d i e s   w i t h   t h e  cage i n   s e v e r a l   s i z e s   d i d   n o t  show 
an  appreciable  performance  di f ference. The subjects, however, p re fe r red   t he  
smal les t   con f igura t ion ,   and  th is   s ize  was used f o r   t h e   r e s t r a i n t   t e s t s .  
However, pos t - tes t   cons ide ra t i ons   o f   t he   resu l t s   cas t   doub t  on t h e i r  judgment. 

Task  performance i n   t h e  cage i s  szjmilar i n  many respec ts   t o   t ha t   expe r i -  
enced w i th   t he   du tch  shoe r e s t r a i n t s .  The cage genera l l y  a1 lowed the   sub jec t  
t o  assume an a p p r o p r i a t e   p o s i t i o n   f o r   h i s  work, b u t   t h i s  was o f f s e t   b y   t h e  
reduced s t a b i l i t y   o f   t h e   p o s i t i o n   ( s e e   F i g u r e  4-126) .  It i s   d i f f i c u l t   t o   l o c k  
t h e   f e e t   i n   t h e  cage t o   t h e  same degree  poss ib le   in   the   du tch  shoes. The cage 
a l lows  the   sub jec t   to  move l e f t  and  r ight,  forward  and  backward  with more f ree-  
d m  than  in   the   du tch  shoes  (see  Figures 4-  I27 and 4-  128). I n   t h e  deep pos i -  
t i o n   o f   t h e   t a s k  box, the  cage prov ided good suppor t   fo r   the   legs .  The 
sub jec ts   qu i ck l y   l ea rned   t o   pu t  one l e g   o v e r  and  one leg  under  the  middle  rung 
of the cage (see  F igure 4-132) .  T h i s   p o s i t i o n  frm the cage a l lowed  the sub- 
j e c t  enough s t a b i l i t y   o f   p o s i t i o n   t o   p e r f o r m   a l l   t h e   t o p  and in te rna l   tasks  
w i t h  two  hands. The s ing le   except ion  was the   l a rge   s t reng th   t ask   t ha t  
r e q u i r e d   r e p o s i t i o n i n g   t o   a p p l y  maximum force  (see  photographic sequence, 
F igures 4-129 through 4-136) .  

I n  most o f   the   tasks  performed,  the  subjects  hooked  their  feet  over  and 
under  the  middle  rung of the cage  and e x e r t e d   p r e s s u r e   t o   t h e   s i d e   o f   t h e  cage 
w i th   bo th   legs   s imu l taneous ly   (see   F igures  4-125 through 4-126) .  However, the  
cage prov ided a c l imb ing   s t ruc tu re   t ha t   t he   sub jec ts   occas iona ly   used   i n  such 
p o s i t i o n s   a s   s t r a d d l i n g   t h e   t o p   r a i l ,   l y i n g   o v e r   t h e   t o p   o f   t h e  cage i n  a 
prone  pos i t ion,   s tanding  on  the  middle  rung  wi th  a tau t   s t rap   t e the r ,  and 
s tanding  outs ide  the cage w i t h  one l e g  hooked  under  the  top  rung  and  over  the 
middle  rung  (see  F igure 4-137) .  Figure  4-138 shows the  subject   going to the 
t o o l   k i t  from the cage r e s t r a i n t .  The p o t e n t i a l  cage r e s t r a i n t   c o u l d   n o t   b e  
u t i l i z e d   f u l l y   w i t h   t h e   t a s k  box  mounted deep within  the  access  opening due t o  
t h e   s i z e   o f   t h e  backpack. The fu r thes t   en t r y   t he   sub jec t   cou ld  make  was t o  
p o s i t i o n  where h i s  backpack came i n   c o n t a c t   w i t h   t h e   s k i n   o f   t h e  mockup above 
the  access  opening  (see  Figure 4-123) .  

The cage r e s t r a i n t   p r o v i d e s  a larger  work/reach  area  than  the  other 
r e s t r a i n t s   a s  was demonstrated i n   t h e   p r i o r   s t u d y .  The advantage o f   t h e  cage 
i n   t h i s   r e s p e c t  was demonst ra ted   dur ing   the   la rge   r ig id  module erect ion  (see 
photographic sequence F igures 4-23 through 4-33 ) .  A1 though  no  comparison 
could  be made f o r   t h a t   t a s k  between the  Gemini dutch shoes and  the cage i n  
respect to  t h e   f l e x i b i l i t y  and . to ta l   work   a rea   ava i lab le   to   the   sub jec t ,   the  
cage r e s t r a i n t  appears much superior.  During  the  experiment  on  the  task box, 
however, the cage was t h e   o n l y   r e s t r a i n t   t e s t e d  from which  the  subjects 
c o u l d   p e r f o r m   a l l   t a s k s .   u n d e r   a l l   c o n d i t i o n s .  

R i q i d   l e q   r e s t r a i n t . - - T h e   r i g i d   l e g   r e s t r a i n t   p r o v e d   t o   b e  so unsat is fac-  
t o r y   t h a t -   i t s  use was d iscont inued  dur ing   the   tes ts .   Three   in i t ia l   a t tempts  
were made t o  p e r f o r m   t h e   f i r s t   t a s k  mode, i.e., w i t h   t h e   t a s k  box f l u s h   w i t h  
t h e   f r o n t  edge o f   t h e  mockup. I n   t h e   f i r s t   o f  these  tests,   the  subject   broke 
t h e   r e s t r a i n t   w h i l e   p u l l i n g  on the  task  box  as he t r i e d   t o   g e t   c l o s e  enough 
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Figure  4-126. Subject  Using  Toes and Back o f  Legs t o  Hold Lower 
Torso Stable While  Working on Task Box 
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F i q u r e  4-127. Subject   Hooking Feet a n d   S i d e  of Legs  Through  Cage 
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F i g u r e  4-128 .  S u b j e c t   W o r k i n g   I n s i d e   t h e   T a s k  Box with  Legs Out Through 
S i  de of. Cage and  Ma i n t a   i n   i n g   U p p e r   T o r s o   C o n t r o l  by 
H o l d i n q   o n   W i t h  H i s  Left Hand 

, . . . . -  . .  



Figure 4-129. Subject  Hooking  Toe  Under Floor of Platform  and  Stabilizing 



Figure  4-130. Subject   Fa l l   ing Backwards From Wrench S 1  ipping Off the   Bo l t  
Head; Cage Restraint   Al lows  Quick  Recovery 

. . .. .. - 
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F igu re  4-131. Sub jec t   Ho ld ing   on to  Top R a i l  of Cage During  Wrenching of 
B o l t ;  A 1  lows S u b j e c t   t o  Use Mass o f  Upper   Torso  to  



Figure 4-132. Subject Wedging  Legs  Between  Upper  and M i d d l e   R a i l  of Cage 
t o   M a i n t a i n   P o s i t i o n  When P u l l i n g  on  Force  Lever of  
Task Box 

.~ ._ . . -... .- . 



t 

a 

A 
F i g u r e  4-133. S u b j e c t   S t a r t i n g  to Pul l   on   Force   Lever  of Task Box. S u b j e c t ' s  

Knee P r e s s e d   A g a i n s t   F r o n t  of Cage and   Right  Hand Holding  Onto - - " 



.F igure 4-134. Subject   Complet ing  Pul l   on  Force  Lever  o f  Task Box 

. ." 



F i g u r e  4-  135. S u b j e c t   S t a r t i n g   R i g h t  Hand Pull on  Force Lever  of Task Box 
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Figure  4-136. Subject   Cmpl.et ing  Right  Hand P u l l  of  Force  Lever o f  Task Box 

.. ._  .. 
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Figure 4-137. Subject  Wedging  Head  and  Backpack  Against  Upper  Edge of 
Access  Opening  to  Maintain Work Position 
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F i g u r e  4- 138. S u b j e c t  Going to Too l  K i t  From C a g e   R e s t r a i n t  



to perform  the  work ('see F igures 4-139 and 4- 140). The s.econd two  attempts 
were p a r t i a l l y  performed. I n   T e s t  318, tasks 4, 7, and 8 were  impossible  for 
the  subject  to  perform.  Other  tasks,  such  as I and 2, were d iscont inued 
because of  excessive  performance  t ime. 

GENERAL  COMMENTS 

P a r t   o f   t h e  human e n g i n e e r i n g   e f f o r t   f o r   t h i s   p r o g r a m  was t o  reexamine, 
where appl icable,   the  conc lus ions drawn du r ing  NASA Contract No. NAS 1-5875. 
None o f  these  conclusions was a1 tered  by  these  experiments. 

Emphasis  must  be p laced on the   manhach ine   in te r face  fo r  EVA research. 
The m u l t i p l e   i n t e r a c t i o n  and  complexity of the numerous va r iab les   requ i red  
d i l igent   appl   icat ion  in   the  s imulat ion  to   develop  adequate  procedures and 
equipment. The major  problems t o   d a t e   a r e   i n   t h e   f o l l o w i n g   a r e a s :  

Rest ra in t   dev ices 

Specia l   too l   des ign 

Fasteners  appropr ia te  to  EVA app l   i ca t   i on  

Apparatus fo r   hand l ing   and  p resent ing   too ls ,  component, and p a r t s  

The problems  posed- r e l a t i v e   t o   t h e s e   c r i t i c a l   m a d m a c h i n e   i n t e r f a c e s  may 
be la rge ly   so lved  by   app ly ing   the   fo l low ing   p r inc ip les ,   hypothes ized  f rom NASA 
Contract  No. NAS 1-5875 and  re in fo rced  by   the   f ind ings  of t h i s   s tudy :  

(a )  Good EVA i n  terms o f   b o t h   d e x t e r i t y   a n d   f o r c e  depends on s t a b i l i t y  
and   app rop r ia te   pos i t i on   o f   t he   worke r   and   t he   ab i l i t y   t o   supp ly  
adequate  t ract ion,  i.e., reac t ive   loads  

(b )   De ta i l ed  hand-by-hand task  analyses  must  be  conducted in   deve lop ing  
procedures  for   any EVA or I V A  

( c )  Complete  and de ta i l ed   s imu la t i on  i s  requ i red   to   check   ou t   a l l   work  
pro jected  for   the  weight less  env i ronment  

( d )   E x t e n s i v e   t r a i n i n g   i s   r e q u i r e d   t o   p e r m i t   a d e q u a t e   s t u d y   o f  EVA work 

Neutral-buoyant/underwater research  d i   rected  toward EVA should  concentrate 
on   res t ra in t   dev ice  desi-gn. The t o t a l   w o r k   s i t u a t i o n  depends on  the  ast ro-  
n a u t %   c a p a b i l i t y   t o   p o s i t i o n   c o r r e c t l y   t o   t h e  work, m a i n t a i n   t h e   s t a b i l i t y   o f  
the   pos i t ion   th roughout   the   task ,   and  t rans fer   the   requ i red   reac t ive   loads  
back to   the   spacecra f t .  A I  1 o the r   va r iab les  depend  on  these  requirements. 
Since  the numerous var iab les   invo lved  ex tend  the  EVA problem  well  beyond  the 
c m o n  sense so lut ions,  it i s  necessary t o   b u i l d  and  then  examine  the man/ 
mach ine   in te r face   in   the   bes t   s imu la t ion   poss ib le .  Rework th rough  the   i te ra -  
t i ve   p rocess   i s   essen t ia l   f o r   deve lop ing   bo th   t ask   t echn iques   and   suppor t  
equ i pmen t . 
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Figure  4-139.  Subject  On R i g i d  Leg Rest ra in t   Ma in ta in ing  Work P o s i t i o n  
With H i s  Left  Hand 

0 
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F i g u r e  4-140. Subject  o n   R i g i d  Leg Restraint   !{orking  on  Task Box 



Care  must  be  exercised  during  attempts to develop  universal  principles 
for EVA from  specific  designed  tasks  and  special hardware, designed  and  built 
for. a  given  work  situation. 

EVA appears  basically  similar  to  other  work in that .it requires specia.1 
tools and  equipment to effectively  and  economically  accomplish  the work. 
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SECTION 5 

CONCLUSIONS 

1 .  Metabo l ic   ra tes  and heart   rates  reached  higher peak  values f o r   t h e  
e x p l o r a t o r y   t a s k s   t h a n   f o r   t h e   r e s t r a i n t   s t u d i e s   o f   t h i s   e f f o r t   o r   f o r  
the   tasks   repor ted   in  NASA CR-859. 

2. I n  general,   the  subjects  performed a t  work   ra tes   (metabo l   i c   ra tes)   in  
the 1 ight-moderate  to  moderate  work range, the   l eve l   a t   wh ich  man can 
work for long  per iods of  time. 

3. Metabol i c   c o s t s   o f   t h o s e   e x p l o r a t o r y   t e s t s   p e r f o r m e d   w i t h o u t   p r i o r  
t ra in ing   were 'h ighe r   t han   t hose   pe r fo rmed   a f te r   t ra in ing .  The r e s u l t s  
emphasize the need f o r   t ' r a i n i n g   i n   n e u t r a l  buoyancy i n   p r e p a r a t i o n   f o r  
EVA. A hand-to-hand  analysis  of  each  task and. t r a i n i n g   t o  such a per-  
formance  time 1 i ne   wou ld   resu l t   i n   t he   as t ronau t   pac ing   h i s   e f fo r t s  t o  
the  work  task and  would  minimize  wide  excursions  in  metabolic  rates. 

4. The subject 's  thermal  balance  dur ing  test ing  must be eva lua ted   to  
completely  evaluate  the  metabol ic  costs  of   work  dur ing  underwater simu- 
l a t i o n .  The increased  conduct ive  cool ing  dur ing  underwater   s imulat ion 
cou ld   resu l t   in   exacerbat ions   o f   the   metabo l   i c   da ta .  

5 .  Eva lua t ion  made o f  EVA work   a ids   i n   us ing   me tabo l i c   ra tes   as   t he  
o b j e c t i v e   c r i t e r i o n   i s  enhanced  by  tasks o f   s u f f i c i e n t   d u r a t i o n   t o   a l l o w  
the  .subject   to  reach a s teady   s ta te   phys io log i ca l l y .  However, work  a ids 
and task  sequences o f   r e l a t i v e l y   s h o r t   d u r a t i o n  can  be eva lua ted   in  terms 
o f  energy  expendi  ture. 

6. Techniques t o  measure the   reac t ive   fo rces   dur ing   we igh t less   s imu la t ion  
are   va luab le   in   eva lua t ing   sub jec t   per fo rmance,   res t ra in t   techn iques ,  
work  aids,  and  task sequences. 

7. Only  the cage r e s t r a i n t   p e r m i t t e d   t h e   s u b j e c t   t o  use t h e   r e s t r a i n t  
system wh i l e   pe r fo rm ing   a l l   o f   t he   t asks   conduc ted  on the  task box. 
Mod i f i ca t ion   o f   o ther   res t ra in ts   by   p rov id ing   power -dr iven   ad jus tments  
i n   e leva t i on ,   t ra in ,  and p i t c h  would  markedly  improve  the  performance 
of   these  dev ices.  Power a s s i s t   i n   l o c a t i o n   o f   t h e   r e s t r a i n t   w o u l d   a l s o  
improve  the  cage  device. 

8. More e f f i c i e n t   r a t i o s   o f   w o r k   l o a d / l o a d  moment impar ted  to   the  spacecraf t  
were  obtained  by  subjects'  use o f   t h e  cage res t ra in t   t han   by  use o f  the 
o the r   res t ra in t   dev i ces .  

9. An improved  method o f   r a p i d l y   a d j u s t i n g   s t r a p   t e t h e r s   t o   t h e   d e s i r e d  
l eng th   wou ld   ma te r ia l l y  improve the  performance  of a1 1 res t ra in t   dev i ces  
and s i g n i f i c a n t l y  reduce  the  t ime  and  energy  costs  of EVA work. 
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IO. Task p lanning  should be s u f f i c i e n t   t o   p r o v i d e  a r e l a t i v e l y   c o n s t a n t  
medium l e v e l   o f  work  throughout  the EVA. 

1 1 .  Due to   t he   v i scos i t y   o f   wa te r ,   g rea t   ca re   mus t  be  taken in   d raw ing  
conclus ions  about   t rans lat ion  dur ing  underwater   s imulat ion.  

12. Manual t rans la t ions   dur ing   cargo   hand l ing   o r   dur ing   c rew  rescue  shou ld  
be  accompl  ished  as  separate  eve'nts  by  the  astronaut  and  the  item  being 
t ranspor ted   s ince  manual t r a n s l a t i o n   i s  a two-handed  task. 

13. A work   s ta t ion   inc lud ing   res t ra in t   dev ices   shou ld  be l o c a t e d   a t  hatchways 
t o  adequate ly   con t ro l   ob jec ts   inser ted   in to   o r   taken from an  access  area 
o r   a i   r l o c k .  

14. M a n i p u l a t i o n   o f  masses up t o  15 s lugs does no t   appear   t o   pose   d i f f i cu l -  
t i e s   f o r  EVA. 

15. Manipu la t ion  of 120-cu-f t   rectangular volumes o f   I O - f t - d i a   c y 1   i n d r i c a l  
volumes  pose  no p a r t i c u l a r  problems. 

16. Manual  assembly of l a rge  modules  such  as  IO-dia  cy1  indr ical   sect ions  is 
eas i l y   ach ieved  in   we igh t lessness  when approp r ia te   t oo l s ,   j i gs ,   and  
fas teners   a re  employed. 

17. Manual ly   operated,   qu ick-act ing  fasteners  ex is t   which  are  su i tab le  for  
assembly o f  many types o f  s t ruc tu res   du r ing  EVA. 

18. The conc lus ions   p rev ious ly   repor ted   in  NASA CR~859 a r e   s t i l l  cogent. 
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